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Abstract  
Cadmium Telluride is a material of great importance in the fields of both 
fundamental research and technical applications, because of its structural, optical, 
electronic and photoelectronic properties. Today the main application of Cadmium 
Telluride is in high resolution detection of γ-rays and X–rays. The main advantage of 
radiation detectors manufactured on CdTe base is that they need no cooling and can 
operate at the room temperature and there is a more effective interaction of photons in 
CdTe than in either Si or Ge. The transport and noise characteristics of CdTe samples 
were studied.  
The measurements show that the bulk resistance of CdTe single crystals decreases 
very slowly when the external electric field is applied. n-type samples and p-type 
samples show different response on the temperature changes. These effects were 
analyzed.  
The noise measurements show that dominant noise at low frequencies is type of 
1/f noise. At higher frequencies generation-recombination and thermal noise were 
apparent. All the studied samples have very high value of low frequency noise, much 
higher than it should have been according to Hooge’s formula. The sources of excess 
noise were investigated. 
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1. Introduction 
CdTe (Cadmium Telluride) is a member of the II-IV semiconductor family. It is a 
material of great importance in the fields of both fundamental research and technical 
applications, because of its structural, optical, electronic and photo-electronic 
properties. In the last years, single crystals of cadmium telluride (CdTe) have become 
useful as a nuclear radiation detector, an electro optical modulator, an optical material in 
the infrared and a solar cell, which maximum efficiency is as high as 23%. The main 
application of CdTe is in high resolution detection of γ-rays and X–rays [1]. 
Germanium and silicon is the common semiconductor materials used for gamma-
ray and x-ray spectrometers. However, because of their narrow band gaps they must be 
cooled and in most cases operated near liquid nitrogen temperatures (77 K) to avoid 
excessive thermal currents. At the other extreme, CdTe detectors operate at room 
temperature because of their wide gap zone Eg ≈ 1.5eV at the room temperature. CdTe 
has high absorption coefficient to absorb high energy radiations [2], [3]. That makes 
CdTe the most suitable material for nuclear detectors manufacturing. 
Physical properties of grown single crystals CdTe are very depend on growing 
method and on burning technological processes. The main parameters of CdTe detectors 
are resistance (or conductivity), free carrier concentration, carrier mobility and their 
lifetime. For instance, specific resistance can be varied in the range 101 - 1010 Ω.cm, free 
carrier concentration is vary between 107 and 1016 cm-3 and their mobility can run up to 
1000 cm2V-1s-1 for electrons and 100 cm2V-1s-1 for holes. 
Despite an extensive effort in the last period crystal quality remains a challenging 
issue. One of the key problems is a presence of uncontrolled impurities, native defects 
and their precipitates having deep energy levels [4]. These levels act as recombination 
and trapping levels causing decrease of charge collection efficiency.  
The noise spectroscopy in time and frequency domain is one of the promising 
methods to provide a non-destructive characterization of semiconductor materials and 
devices. The main sources of noise in semiconductor devices are: 1/f noise, generation 
recombination noise with its component - RTS noise, shot and thermal noise. The 1/f 
noise is dominant in low frequency range [5]. 
 As a quality indicator we may choose the 1/f noise. A possibility of the use of 
noise measurements in analysis, diagnostics and prediction of reliability of electronic 
devices was studied by many researchers. It is supposed that defects are the actual 
sources of the excess current and the excess noise. 
It is known that most of failure results from the latent defects created during the 
manufacture processes or during the operating life of the devices. The sensitivity of 
excess electrical noise to this kind of defects is the main reason of investigation and use 
of noise as s diagnostic and prediction tool in reliability physics for the semiconductor 
devices lifetime assessments. The noise spectral density depends on stress and damage 
and varies among nominally identical devices. This component is called excess noise 
spectral density and therefore it is not of fundamental origin. 
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Noise properties of CdTe crystals were only rarely reported [6] - [10] and were 
mainly studied by Schauer [9] and by Asaad, Orsal and Co [6]. All the studies found 
that 1/f noise dominates at low frequencies [7] and some studies shows that 1/f noise 
dominates over 105 Hz [8], [11]. Presently we have very little information about noise 
sources in CdTe. New experimental results of noise spectral density and information 
about noise sources are analyzed in this work. 
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2. The State of the Art 
2.1. Radiation and Radioactivity 
Radiation refers to the propagation of waves and particles through space and 
includes both electromagnetic radiation and atomic and subatomic particle radiation.  
Electromagnetic radiation has a broad, continuous spectrum of energy (Fig. 2.1) that 
includes visible light, radio waves, microwaves, X-rays, gamma rays, and infrared and 
ultraviolet radiation [12], [13].  All electromagnetic radiation travels at the speed of 
light.  Particle radiation includes alpha and beta particles, neutrons, protons and heavy 
ions.  The speed and energy of particle radiation depends upon the source of the 
radiation and any subsequent interaction of the particle with other matter. 
Fig. 2.1. The radiation spectrum [13]. 
While there are many different sources of radiation, it generally arises from or is 
produced by radioactive decay, energy change of an atomic electron or nucleus, motion 
of atoms or molecules, or the interaction between particles or electromagnetic radiation 
and atoms or nuclei.  There are many sources and types of naturally occurring radiation 
such as the sun, radioactive materials, visible light, solar and cosmic radiation, and 
thermal radiation (what is typically referred to as heat).  Radiation can also be generated 
to diagnose and treat illness, eliminate or reduce harmful microorganisms to enhance 
the safety of medical equipment and the food supply, cook food, transmit information 
(radio, television, cellular phones, etc.), and many other applications. 
Radioactivity refers to the property of spontaneous emission of particles or 
electromagnetic radiation exhibited by certain materials. Atomic radiation is that 
emitted as a result of transitions of atomic electrons between orbits (energy) states, 
releasing energy typically in the form of X-rays. Atomic excitation can be produced, for 
example, externally by bombarding the atoms with energetic electrons.  
Nuclear radiation, on the other hand, is released as a result of changes in the 
nuclear state of matter. Such changes occur due to internal, or externally induced, 
instabilities in the structure of the nucleus. In order to reach a stable state, the nucleus 
may release charged-particles, electromagnetic radiation, and in some instances 
neutrons. The emitted charged particles are either alpha or beta particles, while the 
Radiation Detectors Noise Spectroscopy 
 
       -         - 14
released electromagnetic radiation is known as gamma-rays. One can also induce 
radioactivity in nuclear interactions, by bombarding stable nuclei with nuclear particles. 
Then, in addition to alpha and beta radiation, other heavy charged particles, such as 
protons, deuterons, etc., can be produced. Gamma radiation can be emitted in such 
nuclear interactions, or as a result of the decay of the excited nuclei in their transition to 
a stable state. Neutrons can also be produced, usually as a direct product of the 
interaction. Examples of radioactive atoms found in nature are carbon-14, potassium-42, 
radon-222, uranium-235, uranium-238 and thorium-232.  In addition to naturally 
occurring radioactive materials, radioactive atoms can be produced when the nucleus of 
an atom is made to interact with a particle or electromagnetic radiation to form an 
unstable nucleus; this is typically done in nuclear reactors and particle accelerators. 
2.2. Types of Radiation 
There are generally four types of radiation associated with radioactive decay: 
alpha particles, beta particles, electromagnetic radiation and neutrons. 
2.2.1. Alpha particles  
An alpha particle is a positively charged particle emitted in the radioactive decay 
of heavy radioisotopes [14], [15]. It is made up of two protons and two neutrons (it is 
essentially the nucleus of a helium atom) and is thus heavier and slower-moving than 
other decay emissions. 
In alpha decay, the parent atom PAZ  emits an alpha particle α42  and results in a 
daughter nuclide DAZ
4
2
−
− . Immediately following the alpha particle emission, the daughter 
atom still has Z electrons of the parent – hence the daughter atom has two electrons too 
many and should be denoted by [ ] −−− 242 DAZ . These extra electrons are lost soon after the 
alpha particle emission leaving the daughter atom electrically neutral. In addition, the 
alpha particle will slowdown and lose its kinetic energy. At low energies the alpha 
particle will acquire two electrons to become a neutral helium atom. The alpha decay 
process is described by: 
[ ] .424242242 HeDDP AZAZAZ +→+→ −−−−− α  (2.1) 
The process of alpha decay is found mainly in proton rich, high atomic number 
nuclides due to the fact that electrostatic repulsive forces increase more rapidly in heavy 
nuclides than the cohesive nuclear force. In addition, the emitted particle must have 
sufficient energy to overcome the potential barrier in the nucleus. The height of the 
potential barrier is about 25 MeV. Nevertheless, alpha particles can escape this barrier 
by the process of quantum tunneling. The emitted alpha-particles have high energies, 
from about 3 to 8 MeV. 
Alpha particles tend to be monoenergetic, or have a narrow energy band. That 
means that they are all emitted with the same kinetic energy. Depending on the source 
this energy ranges from 3 - 8 MeV corresponding to velocities of 1.4 - 2·107 m/s. Due to 
their double charge alpha particles interact strongly with the electrons of the molecules 
of the material they travel through. These 'collisions' often tear the electrons away 
leaving an ion pair trail along the alpha particles path. Sometimes the electron is 
knocked away with enough speed that it to may ionize some more molecules and is then 
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called a delta ray. Because alpha particles have such a high mass collisions with 
electrons have little effect on their direction of travel. Therefore they travel in a fairly 
straight line. 
It takes between 25 - 40 electron Volts to strip away an electron (a value of 32.5 
eV is usually used for air) so each collision saps a little of the alpha particles kinetic 
energy. Dividing the energy of a normal alpha particle by the ionization energy it is seen 
that around 100000 ion pairs are created. Although alpha particles are not very 
penetrating they may cause a lot of damage to a material at the depth they reach. 
Although alpha particles tend to move in straight lines, their energy loss per unit 
length (or stopping power) is quite large. Alpha particles do not penetrate far into a 
material and can be stopped quite easily; however, they are capable of breaking 
chemical bonds (which can cause chemical or biological damage) when they strike a 
molecule because of their size, mass and charge.  Penetration distance of alpha particles 
depends upon the energy with which they are emitted and the material through which 
they are passing.  Thus, while alpha particles can be stopped by thin barriers such as a 
piece of paper or skin, alpha emitters are mostly damaging if they are ingested or 
inhaled into the lungs. 
2.2.2. Beta particles  
A beta particle is emitted during the radioactive decay of some unstable atoms.  
Beta particles can have either a negative charge or a positive charge and they have the 
same very small mass (1/2000 the mass of a neutron) regardless of charge.   
β− radioactivity occurs when a nucleus emits a negative electron from an unstable 
radioactive nucleus. This happens when the nuclide has an excess of neutrons. 
Theoretical considerations (the fact that there are radionuclides which decay by both 
positron and negatron emission and the de Broglie wavelength of MeV electrons is 
much larger than nuclear dimensions), however, do not allow the existence of a negative 
electron in the nucleus. For this reason the beta particle is postulated to arise from the 
nuclear transformation of a neutron into a proton through the reaction 
,νβ ++→ −pn  (2.2) 
where ν  is an antineutrino. The ejected high energy electron from the nucleus and 
denoted by β− to distinguish it from other electrons denoted by e−. 
Beta emission differs from alpha emission in that beta particles have a continuous 
spectrum of energies between zero and some maximum value, the endpoint energy, 
characteristic of that nuclide. The fact that the beta particles are not monoenergetic but 
have a continuous energy distribution up to a definite maximum energy, implies that 
there is another particle taking part i.e. the neutrino ν.  
This endpoint energy corresponds to the mass difference between the parent 
nucleus and the daughter as required by conservation of energy. The average energy of 
the beta particle is approximately 1/3 of the maximum energy.  
More precisely, the “neutrino” emitted in β− decay is the anti-neutrino (with the 
neutrino being emitted in β+ decay). The neutrino has zero charge and almost zero mass. 
The maximum energies of the beta particles range from 10 keV to 4 MeV. Although 
beta minus particles have a greater range than alpha particles, thin layers of water, glass, 
metal, etc. can stop them.  
Radiation Detectors Noise Spectroscopy 
 
       -         - 16
The β− decay process can be described by: 
[ ] .1 νβ ++→ −++ DP AZAZ  (2.3) 
Immediately following the decay by beta emission, the daughter atom has the 
same number of orbital electrons as the parent atom and is thus positively charged. Very 
quickly, however, the daughter atom acquires an electron from the surrounding medium 
to become electrical neutral. 
In nuclides where the neutron to proton ratio is low, and alpha emission is not 
energetically possible, the nucleus may become more stable by the emission of a 
positron (a positively charged electron). Within the nucleus a proton is converted into a 
neutron, a positron, and a neutrino i.e. 
.νβ ++→ +pn  (2.4) 
Similarly to the β−, the positron β+ is continuously distributed in energy up to a 
characteristic maximum energy. The positron, after being emitted from the nucleus, 
undergoes strong electrostatic attraction with the atomic electrons. The positron and 
negative electrons annihilate each other and result in two photons (gamma rays) each 
with energy of 0.511 MeV moving in opposite directions.  
The β+ decay process can be described by: 
[ ] .1 νβ ++→ +−− DP AZAZ  (2.5) 
Immediately following the decay by positron emission, the daughter atom has the 
same number of orbital electrons as the parent atom and is thus negatively charged. 
Very quickly, however, the daughter atom loses the electron from the surrounding 
medium to become electrically neutral. 
Beta radiation can be an external radiation hazard. Beta particles with less than 
about 200 keV have limited penetration range in tissue. However, beta particles give 
rise to Bremsstrahlung radiation which is highly penetrating. 
2.2.3. Electromagnetic radiation  
Two types of electromagnetic radiation are associated with radioactive decay.  
Electromagnetic radiation originating in the nucleus of an atom is referred to as a 
gamma ray (this happens when the nucleus transitions from a higher energy level to a 
lower energy level).  Electromagnetic radiation emitted by an atomic electron changing 
energy levels is referred to as an X-ray.  Gamma rays usually have higher energies than 
X-rays and both can penetrate matter farther than can particles.  They can be stopped by 
high density materials such as several decimeters of concrete or lead [12], [15] - [17]. 
Gamma radiation consists of extremely high energy photons with wavelengths 
usually much smaller than 10-10 meters. Gamma emission is usually preceded by an 
alpha or beta emission which left the nucleus in an excited state. An excited nucleus 
may change to a lower energy state by emitting a photon which in this case is called a 
gamma ray. This is similar to emission of a photon when an electron changes from a 
higher to lower orbital. The spacing between nuclear energy states is on the order of 
millions of electron Volts.  
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Typically this type of radiation arises when the daughter product resulting from 
alpha or beta decay is formed in an excited state. This excited state returns very rapidly 
(< 10−9 s) to the ground state through the emission of a gamma photon. Instead of 
having a well-defined range like alpha and beta particles, gamma rays loose 
characteristically a certain fraction of their energy per unit distance through matter. 
Gamma rays are highly penetrating and can result in considerable organic damage. 
Gamma emitting sources require heavy shielding and remote handling.  
The gamma decay process can be described by: 
γ,PP* +→ AZAZ  (2.6) 
where the asterisk * denotes the excited state.  
As for visible light, absorption of gamma rays by a material is closely linear. That 
is for every unit of distance the radiation travels through the material an equal fraction 
of the remaining light is absorbed. Gamma radiation has exponential type decay which 
may be expressed by Lambert's law. 
X),μexp((X) A0 −= II  (2.7) 
where μA is the linear absorption coefficient.  
Absorption of gamma rays occurs by several means, the most prominent being the 
photoelectric effect at low energies, the Compton effect at intermediate energies and 
pair production at high energies. The linear absorption coefficient is a sum of the 
coefficients for each of these processes. 
μA = τ (photoelectric) + σ (Compton) + K (pair production).  (2.8) 
Beam energy is also lost in negligible amounts to Rayleigh scattering, Bragg 
scattering, photodisintegration, and nuclear resonance scattering. 
Photoelectric absorption occurs when a gamma ray ionizes an atom. The 
photoelectric absorption rate τ is proportional to the density of the material and also 
increases strongly with atomic number. 
.0089.0
1.4
n
mA
Z λρτ =  (2.9) 
In this equation ρ is the density of the material, Z is atomic number, Am is atomic mass, 
λ is wavelength and the number n is equal to three for Nitrogen, Oxygen, and Carbon 
and 2.85 for all other elements with atomic numbers less than iron. Photoelectric 
absorption is strongest at longer wavelengths (i.e. less energetic gamma rays) and 
increases very rapidly with atomic number. When a gamma ray disintegrates into an 
electron positron pair it is called pair production. For this to occur the energy of the 
gamma ray must be greater than the resting energy of an electron and a positron, hf ≥ 
2·0.51 MeV. The pair formation coefficient is given by 
K = a N Z2 (E - 1.02 MeV), (2.10) 
where a is a constant, N is Avogadro's number, and Z is the atomic number. 
Loss by Compton scattering consists of two components 
,ba σσσ +=  (2.11) 
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where σa is the scattering component due to energy loss via collisions with electrons and 
σb is energy loss due to scattering of photons scattered away from the beam direction. 
The σb loss is strongly dependent on the geometry of the source, absorber and detector. 
This is because in some geometries many gamma rays that were not initially headed 
toward the detector window may be redirected into it by Compton scattering. For 
“narrow beam” geometries this is unlikely, but for broad beams or wide radiation 
sources and when the absorber is not directly against the detector window count rates 
will be found to be slightly higher due to the redirected rays. Because of this effect the 
total absorption coefficient μ is often divided into a “true” absorption component and a 
scattered component.  
μ = (τ + K + σa) + σb. (2.12) 
“Good geometry” must be established in order to measure the total absorption 
coefficient accurately. 
2.2.4. Neutrons  
Neutrons are particles having a mass 1/4 that of an alpha particle and 2000 times 
that of a beta particle.  The neutron has no electrical charge.  It has the potential to 
penetrate matter deeper than can charged particles but this depends greatly on the 
physical and atomic nature of the matter being penetrated. 
Neutron emission immediately following β− emission (beta delayed neutron 
emission denoted β−) has been observed in many neutron-rich nuclides. The phenomena 
of delayed neutron emission is very important in the control of nuclear reactors since 
neutron emission occurs on a timescale much longer than that associated with fission – 
this allows a response time long enough to move control rods and thereby control the 
fission reactor. An example of this type of emission is given by 17N i.e. 
νβ ++→ −*178177 ON  (2.13) 
nOO +→168*178  (2.14) 
where the  asterisk  denotes  the  short-lived intermediate excited states of oxygen-17.  
2.3. Radiation Detection 
An electro-optic detector absorbs electromagnetic radiation and outputs an 
electrical signal that is usually proportional to the irradiance (intensity of the incident 
electromagnetic radiation). Depending on the type of detector, the output signal can be 
either a voltage or a current. There are three general types of radiation detector: the 
scintillation detector, the gaseous detector, and the semiconductor detector [3], [18]. 
Further, all detectors can be divided into two groups according to their functionality: the 
collision detector and the energy detector. The former merely detect the presence of a 
radioactive particle, whereas the latter can measure the radiative energy; that is, all 
detectors can be either quantitative or qualitative. 
2.3.1. Scintillating detectors 
The operating principle of scintillation detector is based on the ability of certain 
materials to convert nuclear radiation into light. Thus, an optical photon detector in 
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combination with a scintillating material can form a radiation detector. It should be 
noted, however, that despite the high efficiency of the conversion, the light intensity 
resulting from the radiation is extremely small. This demands photomultipliers to 
magnify signals to a detectable level. 
The most widely used scintillators include the inorganic alkali halide crystals (of 
which sodium iodine is the favorite) and organic-based liquids and plastics. The 
inorganics are more sensitive, but generally slow, whereas organics are faster, but yield 
less light. One of the major limitations of scintillation counters is their relatively poor 
energy resolution. The sequence of events which leads to the detection involves many 
inefficient steps. Therefore, the energy required to produce one information carrier (a 
photoelectron) is on the order of 1000 eV or more, and the number of carriers created in 
a typical radiation interaction is usually no more than a few thousand. For example, the 
energy resolution for sodium iodine scintillators is limited to about 6% when detecting 
0.662 - MeV γ-rays and is largely determined by the photoelectron statistical 
fluctuations. The only way to reduce the statistical limit on energy resolution is to 
increase the number of information carriers per pulse. This can be accomplished by the 
use of semiconductor detectors. 
2.3.2. Ionization detectors 
Ionization detectors rely on the ability of some gaseous and solid materials to 
produce ion pairs in response to the ionization radiation. Then, positive and negative 
ions can be separated in an electrostatic field and measured.  
Ionization happens because upon passing at a high velocity through an atom, 
charged particles can produce sufficient electromagnetic forces, resulting in the 
separation of electrons, thus creating ions. Remarkably, the same particle can produce 
multiple ion pairs before its energy is expended. Uncharged particles (like neutrons) can 
produce ion pairs at collision with the nuclei.  
The most known ionization detectors are: ionization chambers, proportional 
chambers and Geiger-Müller counters.  
2.3.3. Semiconductor detectors 
The best energy resolution in modern radiation detectors can be achieved in 
semiconductor materials, where a comparatively large number of carriers for a given 
incident radiation event occurs. In these materials, the basic information carriers are 
electron–hole pairs created along the path taken by the charged particle through the 
detector. The charged particle can be either primary radiation or a secondary particle. 
The electron–hole pairs in some respects are analogous to the ion pairs produced in the 
gas-filled detectors [18], [19]. When an external electric field is applied to the 
semiconductive material, the created carriers form a measurable electric current. The 
detectors operating on this principle are called solid-state or semiconductor diode 
detectors. The operating principle of these radiation detectors is the same as that of the 
semiconductor light detectors. It is based on the transition of electrons from one energy 
level to another when they gain or lose energy, [20].  
Aside from doping and absorption of phonons, electrons can be excited to the 
conduction band by absorbing photons, which, of course, is the way radiation is 
detected. The band gap between the valence and conduction bands has a well defined 
energy. In order to be absorbed, the photon must have enough energy to break the 
electron loose from its bond and excite it to the conduction band. Since there is 
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effectively a continuum of energy states above the band gap, those photons with energy 
equal to or greater than the band gap energy are able to excite valence electrons while 
those with energy less than this are not and do not cause an increase in the number of 
electrons in the conduction band. Only radiation with wavelength shorter than a critical 
value can generate conduction electrons. This critical wavelength is given by 
,
E
hc
g
c =λ  (2.15) 
where Eg is the energy across the bandgap. 
As Eg is reduced, more and more electrons are excited to the conduction band by 
thermal agitation. This is a significant source of noise since these thermally generated 
charge carriers are dumped on top of the signal generated by the radiation. Wide 
bandgap detectors like silicon and even lead sulfide can be operated at room 
temperature without ill effect unless exceptionally low levels of radiation are being 
detected. The performance of narrower bandgap detectors such as those used for mid-
wave infrared MWIR (3 - 6 μm) and long wave infrared LWIR (>6 μm) detection are 
almost always improved by cooling. Thermoelectric coolers can often be used to 
refrigerate many but not all MWIR detectors to - 40 oC or so with good effect. Some 
MWIR and nearly all LWIR detectors require cryogenic cooling to the vicinity of liquid 
nitrogen temperature (78 K). Wide band gap detectors such as those used for ultraviolet 
and x-rays usually do not need to be cooled except in cases where they are being used to 
detect very low levels of radiation. As a general rule, the best performance is achieved 
by using a detector with the widest bandgap that still allows detection of the radiation 
wavelengths of interest. 
A good solid-state radiation detector should possess the following properties: 
1.  Excellent charge transport. 
2. Linearity between the energy of the incident radiation and the number of  
electron – hole pairs. 
3.  Absence of free charges (low leakage current). 
4.  Production of a maximum number of electron – hole pairs per unit of radiation. 
5.  High detection efficiency. 
6.  Fast response speed. 
7.  Large collection area. 
8.  Low cost. 
Regardless of the widespread popularity of the silicon and germanium detectors, 
they are not the ideal from certain standpoints. For instance, germanium must always be 
operated at cryogenic temperatures to reduce thermally generated leakage current, and 
silicon is not efficient for the detection of γ - rays. There are some other semiconductors 
that are quite useful for detection of radiation at room temperatures. Among them are 
cadmium telluride (CdTe), mercuric iodine (HgI2), gallium arsenide (GaAs), bismuth 
trisulfide (Bi2S3), and gallium selenide (GaSe). Useful radiation detector properties of 
some semi conductive materials are given in Tab. 2.1. 
The most popular material for radiation detection at present time is cadmium 
telluride, which combines a relatively high Z-value (48 and 52) with large band-gap 
energy (1.47 eV) to permit room-temperature operation. Crystals of high purity can be 
grown from CdTe to fabricate the intrinsic detector. Alternatively, chlorine doping is 
occasionally used to compensate for the excess of acceptors and to make the material a 
near-intrinsic type. Commercially available CdTe detectors range in size from 1 to 50 
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mm in diameter and can be routinely operated at temperatures up to 50°C without an 
excessive increase in noise. Thus, there are two types of CdTe detector available: the 
pure intrinsic type and the doped type. The former has a high-volume resistivity up to 
1010 Ωcm, however, its energy resolution is not that high. The doped type has 
significantly better energy resolution; however, its lower resistivity (108 Ωcm) leads to a 
higher leakage current. In addition, these detectors are prone to polarization, which may 
significantly degrade their performance. 
Tab. 2.1. Detecting properties of some semiconductive materials [21] 
Material  
 
Operating 
temperature, (K) 
Z Band gap, 
 (eV) 
Energy per 
electron–hole pair, (eV) 
Si 300 14 1.12 3.61 
Ge 77 32 0.74 2.98 
CdTe 300 48–52 1.47 4.43 
HgI2 300 80–53 2.13 6.5 
GaAs 300 31–33 1.43 4.2 
So now we consider Cadmium Telluride as one of the most promising materials 
for high energy radiation detection.  
2.4. Cadmium Telluride 
2.4.1. Cadmium 
Cadmium is a chemical element with atomic number 48. A relatively abundant, 
soft, bluish-white, transition metal and is found primarily in the compound greenockite 
CdS which is contained in solid solution with zinc blende, ZnS. A secondary mineral 
also containing Cd is CdCO3. The entire output of primary Cd is obtained as a 
byproduct in the processing of the zinc ores in zinc-retort, copper and lead smelting, and 
electrolytic plants. 
Intermediate purification is attained by electrolytic refining. Extensive electrolytic 
refining results in purities up to 99.999%. Final purity depends upon the composition of 
the electrolytic, the anode metal, the material of the bath, and the surrounding 
atmosphere. A purity of 99.993% is possible for a bath containing a 10:1 ratio of Cd to 
Zn. Additional electrolytic refining further increases the purity of the Cd [3].  
Higher purity Cd is obtained through distillation processes, zone refining, and ion 
exchange. Usually combinations of these methods are required to remove impurities to a 
required limit. Purities better than 99.9999% result when zone refining is used as a final 
step after electrolysis. The effectiveness of zone refining depends upon crucible design, 
zone speed, degree of stirring in the zone, and crucible materials. Precise control of the 
temperature of the zones are required due to the high thermal conductivity and low 
melting point of Cd. The higher purity quartzes such as supersil, suprasil, etc. are 
preferred crucible materials. Carbon coating of the quartz should be considered to avoid 
incorporation of silicon and other impurities from the quartz.  
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2.4.2. Tellurium 
Tellurium is a chemical element that has atomic number 52. A brittle silver-white 
metalloid which looks like tin, tellurium is chemically related to selenium and sulfur. 
Tellurium is extremely rare, one of the nine rarest elements on earth. It is in the same 
chemical family as oxygen, sulfur, selenium, and polonium (the chalcogens) [3]. 
When crystalline, tellurium is silvery-white and when it is in its pure state it has a 
metallic luster. This is a brittle and easily pulverized metalloid. Amorphous tellurium is 
found by precipitating it from a solution of tellurous or telluric acid (Te(OH)6). 
However, there is some debate whether this form is really amorphous or made of minute 
crystals. 
Tellurium is a p-type semiconductor that shows a greater conductivity in certain 
directions which depends on atomic alignment. The conductivity of this element 
increases slightly when exposed to light (photoelectric effect). 
With abundance in the Earth's crust even lower than platinum, tellurium is, apart 
from the precious metals, the rarest stable solid element in the earth's crust. Its 
abundance in the Earth's crust is 1 to 5 ppb, compared with 5 to 37 ppb for platinum.  
Tellurium is sometimes found in its native (elemental) form, but is more often 
found as the tellurides of gold (calaverite, krennerite, petzite, sylvanite, and others). 
Tellurium compounds are the only chemical compounds of gold found in nature, but 
tellurium itself (unlike gold) is also found combined with other elements (in metallic 
salts). The principal source of tellurium is from anode sludges produced during the 
electrolytic refining of blister copper. It is a component of dusts from blast furnace 
refining of lead. Treatment of 500 tons of copper ore typically yields one pound of 
tellurium. Tellurium is produced mainly in the US, Canada, Peru, and Japan.  
Like Cd there are no deposits that are mined specifically for Te alone and the 
overall percentage of recovery from these ores is very small. Almost all of the 
commercial Te is recovered from electrolytic Cu refinery slimes. After the slimes are 
de-copperized, the Te is recovered from tellurous acid by several methods the most 
popular one being by electrolysis. A purity of 99.9999% is possible by electrolytic 
refinement with a plastic membrane enveloping the cathode. Higher purity requires the 
assistance of another approach. 
Further purification is undertaken by zone refining, distillation, and chemical 
means. The degree of purification that can be attained by chemical methods is much less 
than by other techniques. Better than 99.9999% purity can be achieved by both zone 
refining and distillation. This degree of purity is achieved in zone refining with 
relatively impure, 99%, starting material. Zone refining has been successful due to the 
favorable values of the segregation coefficients for most impurities.  
Better than 99.9999% material can also be obtained using vapor transport 
methods. Processing Te in the presence of H2 is effective in reducing the concentration 
of volatile impurities such as Se, S, As, Hg, Sb, O, and Cl. In some cases Se has been 
reduced below 1 ppm without H2. Distillation of only the first portion of the charge is 
effective in removing impurities (Au, Fe, Si, Cu, Ag, Bi, Pb, and Sb) having vapor 
pressures much greater than Te. Material of better than 99.9999% purity was also 
obtained by-distillation with Pb, Bi, Ca, Cu, and Mg being the most troublesome im-
purities. A combination of distillation and zone refining may be more effective than 
zone refining alone.  
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2.4.3. Cadmium telluride 
CdTe is a crystalline compound formed from cadmium and tellurium with a zinc 
blende (cubic) crystal structure. In the bulk crystalline form it is a direct bandgap 
semiconductor. 
The preparation of high purity CdTe is not restricted to purifying the starting 
materials. Zone refining and sublimation of the compound and the crystal growth 
process are additional purification steps. The electron mobility is often used as a guide 
to track the purity and. as expected, has increased through the years. However, it is 
important not to directly relate mobility to purity as large concentrations of native 
defects also lower the mobility Therefore in correlating these parameters it is important 
to examine growth and post annealing conditions. Electrical measurements are more 
important in evaluating the compound than in evaluating the elements. Electrically 
inactive impurities in CdTe may not affect device performance. However electrically 
inactive impurities in the elements, incorporated into the compound, may become active 
and be of importance. 
The zinc blende structure is the stable form for bulk single crystals of CdTe at 
atmospheric pressure. This structure belongs to the cubic space group and consists of 
two interpenetrating face center cubic lattices offset from one another by one-fourth of a 
body diagonal as shown in Fig. 2.2. There are four molecules per unit cell, the 
coordinates of the Te atoms being 000, 0½½, ½0½, and ½½0 and those of the Cd atoms 
being ¼¼¼, ¼¾¾, ¾¼¾, and ¾¾¼. As a result every atom is surrounded tetrahedrally 
by four atoms of the other by 3 a/4. The best value of the cubic lattice parameter at 
room temperature is 6.481 Å. This value is subject to change due to deviations from 
stoichiometry. 
 
Fig. 2.2. CdTe zink blende structure [3] 
Twenty-four symmetry operations leave the zinc blende structure invariant. 
Besides translation, there are three ±π rotations about the three cubic <100> axes ( 24C ), 
six ±½π rotations about the same combined with inversion (IC4), eight ±⅔π rotations 
about the body diagonals <111> (C3), and six ± π rotations about the six face diagonals 
<110> with inversion (IC2). Such symmetry is evident in faceted single crystals.  
Inversion symmetry is not present in the zinc blende structure. Defining positions 
at one-fourth intervals along the body diagonal by atoms, Cd and Te, and vacancies V, 
the sequence in Fig. 2.2 is · · · TeCdVVTe · · ·. This sequence is not invariant since 
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inversion results in the replacement of Te(Cd) atoms by Cd(Te) atoms. If the Te and Cd 
atoms were indistinguishable, then a center of symmetry would be present and the 
diamond structure would prevail. This lack of symmetry results in piezoelectric, 
piezobire-fringent, and electrooptic effects. 
The Cd atoms in any {111} plane are bonded to a single neighboring Te atom in a 
<111> direction and bonded to three Te atoms on the opposite side of the plane. 
Viewing the lattice almost normal to a <111> direction makes the double layers of Cd 
and Te atoms apparent. The separation between Cd and Te planes within the double 
layer is 0.14a. The distance between double layers is 0.43a. As a result of the greater 
bond density within the double layers and the lack of symmetry, the crystal exhibits 
crystallographic polarity and the chemical and physical properties on the {111} Cd face 
differ from those on the opposed { 111 } Te face. Since the geometrical structure factor is 
different in opposite directions along the polar axis, the anomalous dispersion of x rays 
can identify the Cd or Te-exposed faces. Etch pit geometry and etching rates and growth 
rates and surface texture also differ between faces. By correlation with diffraction 
results standard etchants can identify either the Te or Cd faces.  
2.5. Crystal Growth 
Bulk single crystals of CdTe have the zinc blende structure. Three general 
approaches have been used to grow CdTe crystals. Growth from congruent or near-
congruent melts has been the most popular technique because large single crystals can 
be easily obtained within a few days [3]. However, due to the high congruent melting 
point (1092°C), and possible contamination from quartz crucibles at high temperatures, 
growth from Te-rich solutions at lower temperatures has been pursued more actively. 
Crystal growth from the vapor is an alternative method to avoid high temperatures.  
The technological impact of CdTe is very large but commercial applications are 
limited due to the quality of the material. A number of crystal growth techniques have 
been used to grow CdTe [22], [23]: 
• The most widely used is the Vertical Bridgman technique. 
Growth by the Bridgman technique has been pursued more actively not only 
because large single crystals are easily obtained and growth rates are much faster, but 
also because the crystal grower has to some extent the freedom of controlling the type 
and the conductivity by controlling the deviation from stoichiometry. In the Bridgman 
method atomic equivalents of Cd and Te are loaded into a fused silicia ampoule which 
is lowered through a vertical furnace with a gradient that produces directional freezing 
from the bottom up. Ideally, the growing portion of the bole at the solid-liquid interface 
is smooth and its shape is characteristic of temperature isotherms. The upper portion of 
the growth chamber is usually maintained at a hotter temperature than that of the vapor-
melt interface to prevent sublimation and vapor growth at the top of the ampoule. 
Usually the ampoule is pointed to seed a single crystal 
 However the crucible, which is generally made of carbon-layered silica glass, 
causes a number of problems: solid-liquid interface curvature, spurious nucleation of 
grains and twins, thermal stresses during cooling of the crystal.  
• Vertical Gradient Freeze VGF is a variant of the Bridgman technique where the 
crucible remains fixed with respect to the furnace.  
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•  Traveling heater method THM is based on the growth of CdTe from a solvent 
zone, with the advantage of a lower growth temperature. Well homogenized single 
crystals have been obtained but the growth rate is limited to some mm/day, preventing 
the industrial exploitation of this technique. 
The crystal still consist of twins or even large grains, it is not possible to grow 
single crystals in a large volume. Presently, the yield of the crystal growth of detector 
material is limited to 10% (percentage of detector grade material of one growth run); 
however the industrial need is more and more towards large high structural quality 
single crystals, which means high purity (less than 1016 cm-3 of residual impurities), no 
grains nor twins, low dislocation density (< 104 cm-2) and homogeneous distribution of 
dopants and residual impurities as well. 
The key feature of all applications (except substrate materials) of CdTe is the 
resistivity. A minimum of 109 Ωcm is necessary. The high resistivity can only be 
obtained by controlled compensation of shallow acceptors; the concentration of these 
shallow acceptors is typically in the range of 1016 cm-3. The growth of high resistivity 
CdTe and (Cd,Zn)Te can be achieved by the use of different dopants. The choice of the 
dopant depends on the field of application the material is dedicated to. 
A low dark current and a high mobility-lifetime product of current carriers are 
required to provide both spectral resolution and high counting efficiency of the detector. 
This implies the preparation of semiinsulating (SI) material with low concentration of 
trapping and recombination centers. To prepare such a semiinsulating (SI) material, the 
concentration of free carriers must be reduced to a level of about 107 cm-3. In view of 
the fact that this concentration is much less than the impurity density in CdTe 
synthesized typically from 6N or 7N purity elements, the straightforward preparation of 
SI stoichiometric CdTe with the state-of-the-art technological procedures is impossible. 
In addition, the preparation of precisely stoichiometric CdTe is complicated due to the 
strong dependence of solidus curve on Cd or Te component overpressure.  
The pinning of the Fermi level to some deep level near the middle of the bandgap 
is useful to achieve semiinsulating CdTe. This goal can be reached by deviation of 
stoichiometry if some native defects create such deep levels. Previously, the native 
defects cadmium vacancy VCd and tellurium anti-cite TeCd were reported as the deep 
acceptor (0.7 – 0.9 eV) and the deep donor (0.75 eV), respectively [24]. The latest 
results imply that VCd creates less than 0.47 eV above the valence band level and cannot 
be used for pinning Fermi level near midgap. Also, there is a wide discussion in the 
literature about the existence and domination role of tellurium anticite near tellurium 
saturated conditions. Therefore, the possibility of preparation of the undoped 
semiinsulating CdTe is still an open to question. 
Doping with impurities which have energy levels near the midgap or forming 
complexes with native defects creating deep levels is possibility to obtain SI material. 
Previously, the preparation of SI CdTe doped with Ge and Sn, which create the deep 
donor levels, was reported [25]. However, a high resistivity was obtained with high 
density of doping defects, which resulted in a high concentration of trapping and 
recombination centers and, therefore, poor detection ability. Thus, a search for the 
minimum of the doping extent necessary to prepare SI material is desirable. 
CdTe crystals investigated in this study were fabricated by the vertical gradient 
freeze method in a quartz ampoule with a diameter of 55 mm. Starting elements with 
6N purity were used. The growth was performed at low cadmium overpressure (PCd ≈ 
0,12 MPa) which produced slightly Te-enriched p-type material. PCd was reached by 
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adding the corresponding amount of Cd to ampoule. The cooling speed during the 
crystallization process at temperatures between 1120 - 1060°C was 0.5°C h-1. This 
technique allowed obtaining high-quality single crystals with no macroscopial defects 
(precipitates, grain boundaries and twins). Samples were cut from (111) oriented slices 
and polished chemomechanically in 2% Br-ethyleneglycol solution. The n-type samples 
for the electron mobility measurements were obtained by post-growth annealing at T = 
700°C and PCd = 0.4 atm, which is close to Cd saturation.  
2.6. Quality of Radiation Detectors 
Several parameters are used for detectors quality comparison and for appropriate 
application decision-making. The basic parameters are: responsivity, noise-to-signal 
ratio, noise equivalent power, detectivity. 
2.6.1. Responsivity 
The responsivity is the ratio of output to input. The input is usually taken to be the 
optical power incident on the detector. In the real world the detector responds to the 
optical power it absorbs, and the incident power and the absorbed power are generally 
not the same thing. Quite often the absorbed power is a simple fraction of the incident 
power but not always. The output depends on the type of detector but is usually either a 
voltage or a current, and responsivity has the units of volts per watt or amps per watt 
[18].  
When incident photons have enough energy to be absorbed in a semiconductor 
detector, that energy is absorbed by the valence electrons allowing them to break loose 
from their bonds and excite to the conduction band. If the photons do not have enough 
energy, they are not absorbed (at least by the valence electrons) and the number of 
charge carriers does not increase. The responsivity of such a detector is proportional to 
the rate of increase in the number of these charge carriers with incident radiation 
intensity. If the responsivity is plotted against wavelength, it will be zero for long 
wavelengths, rise up sharply at λc and then fall slowly for shorter wavelengths. Each 
absorbed photon normally generates one conduction electron even if it has more energy 
than the minimum necessary, Eg. Since we measure responsivity in terms of the rate at 
which energy is incident on the detector instead of the number of photons, it falls off at 
shorter wavelengths where the photons have more energy than they need and that extra 
energy is not used to excite more conduction electrons but rather ends up generating 
more phonons. 
2.6.2. Signal-to-noise ratio 
All detectors exhibit a noise component called white noise that has uniform 
spectral power density. Many detectors have an additional noise component called 1/f 
noise that has a spectral power density that depends inversely on the frequency. 
Detection is made over a frequency range usually called the detection or noise 
bandwidth, and the total noise detected with the signal is the total noise spectrum 
integrated over that bandwidth. In analog and digital communications, signal-to-noise 
ratio, often written S/N or SNR, is a measure of signal strength relative to background 
noise. The ratio is usually measured in decibels (dB). 
If the incoming signal strength is Us, and the noise level is Un, then the signal-to-
noise ratio, S/N, in decibels is given by the formula 
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If Us = Un, then S/N = 0. In this situation, the signal borders on unreadable, 
because the noise level severely competes with it. Ideally, Us is greater than Un, so S/N 
is positive. If Us is less than Un, then S/N is negative. 
The signal-to-noise ratio is increased by reducing the bandwidth as much as 
possible, usually by filtering. Since 1/f noise decreases with increasing frequency, the 
signal-to-noise ratio is maximized by detecting at a frequency high enough that the 1/f 
noise can be neglected. 
The 1/f noise component is dominant at low frequencies, decreases with 
increasing frequency and eventually falls below the white noise floor. The frequency at 
which the two noise components are equal is called the 1/f knee. This knee is an 
important parameter in determining the optimum frequency at which to detect radiation. 
The 1/f noise can be neglected and performance maximized if detection is made 
significantly above the knee. The 1/f knee can be as low as a fraction of a hertz for some 
cryogenically cooled photodiodes or as much as several hundred hertz or even more for 
other types of detectors. 
2.6.3. Noise equivalent power 
The noise equivalent power, NEP, is the detector noise referred to the optical 
input or the optical input power that gives a signal-to-noise ratio of unity. NEP is 
usually measured above the 1/f knee so that only the white noise measured. The value of 
NEP then is proportional to the square root of the bandwidth of the electronics used to 
measure it. Technically, the unit of NEP is the watt. However, in order to avoid the 
necessity of also quoting the electronics bandwidth used when it was measured, NEP is 
often quoted in units of W/Hz0.5. NEP is determined by dividing the detector noise 
signal by the responsivity. 
2.6.4.  Detectivity 
The detectivity, D*, is used for detectors detection properties characterization. 
The detectivity is given by  
,d*
NEP
fA
D
Δ=  (2.17)
where Ad is the optical area of the detector and Δf is the bandwidth of the detection 
electronics. The term "detectivity" was originally applied to D = 1/NEP. The distinction 
is made by the superscript *. The newer D* definition is used because it is nominally 
independent of the size of the detector and the bandwidth of the measurement circuit 
while D depends on both. The units of D* are cmHz0.5/W. D* is the detector signal-to-
noise ratio when 1 W of optical power is incident on the detector, the optical area is 1 
cm2 and the noise is measured with a bandwidth of 1 Hz. The detectivity is usually 
measured above the 1/f knee so that it is independent of the measurement frequency. 
For semiconductor detectors the detectivity is a function of wavelength and is 
sometimes called the spectral detectivity. It is zero, for example, above λc since the 
detector generates no signal. The peak value of D* is frequently used and is designated 
by the subscript λpk. The peak value of D* occurs at a wavelength somewhat below λc. 
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2.6.5. Time constant 
The time constant, τ, is the time required for the detector to respond to an abrupt 
change in input optical power. Since a change is reached asymptotically, it is actually 
the time required for the detector output to reach [1-(1/e)] or 63% of its final change in 
value. Sometimes this parameter is given in terms of a detector bandwidth, Δfdet, where 
Δfdet = 1/ τ. The units of t are seconds and Δfdet, Hz. 
2.7. CdTe Radiation Detectors 
There are increasing demands for new semiconductor detectors capable of 
detecting hard X-ray and γ-rays [21]. For imaging devices, their good energy resolution 
and the ability to fabricate compact arrays are very attractive features in comparison 
with inorganic scintillation detectors coupled to either photodiodes or photomultiplier 
tubes.  
Despite the excellent energy resolution and charge-transport properties of silicon 
(Si) and germanium (Ge) detectors, their low stopping power for high energy photons 
limits their application to hard X-ray and γ-ray detection [21], [26]. Furthermore, the 
small band gap of germanium forces us to operate the detector at cryogenic 
temperatures. Therefore, room-temperature semiconductors with high atomic numbers 
and wide band gaps have long been under development. These materials are useful not 
only in medical and industrial imaging systems but also in detectors for high energy 
particle- and astrophysics. 
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 Fig. 2.3. Linear attenuation coefficient for photoelectric and Compton interactions in Si, Ge, NaI 
and CdTe [21] 
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Cadmium telluride (CdTe) has been regarded as promising semiconductor 
materials for hard X-ray and gamma-ray detection. Since the average atomic number Z 
of CdTe is 50 compared to 32 and 14 for that of Ge and Si, respectively, there is a more 
effective interaction of photons in CdTe than in either Si or Ge. Photons interact within 
the crystal by the photoelectric process, Compton scattering, and by electron-positron 
formation. In the photoelectric effect all of the photon energy is transferred to a tightly 
bound electron. This interaction dominates the absorption process at lower photon 
energies and varies as Z5. From Fig. 2.3 the photoelectric absorption coefficients for 
CdTe, Ge, and Si at 100 keV are approximately 10, 2, and 0.06 cm-1 respectively. 
Photoelectric absorption is the main process up to 300 keV for CdTe, as compared to 60 
keV for Si and 150 keV for Ge. At intermediate photon energies (500-5000 keV), the 
Compton effect dominates the interaction mechanism. In the Compton interaction the 
photon transfers only a portion of its energy to an electron and unless multiple Compton 
or subsequent photoelectric interactions occur, the energy of the initial photon is not 
entirely deposited within the crystal. At high enough photon energies (i.e., hν ≥ 10 
MeV) the pair formation process dominates. However, these energies are well above 
those used in most applications for CdTe. 
CdTe detectors have high quantum efficiency suitable for a detector operating 
typically in the 10 − 500 keV range. The large band-gap energy (Eg = 1.5 eV) allows us 
to operate the detector at room temperature. The efficiency of CdTe, Ge and Si detectors 
for 100 keV γ-rays is shown in Fig. 2.4. CdTe detectors have much higher efficiency 
than Ge and Si detectors and even a detector with a thickness of 0.5 mm provides good 
detection efficiency for γ-rays. 
 
Fig. 2.4. Detection efficiency for 100 keV γ-ray photon in various thickness of CdTe, Si and Ge [3] 
Semiconductor detectors can operate either in photocurrent or pulse mode [19]. 
The advantage of photocurrent mode detectors is the fast image collection with high 
spatial resolution as they can be operated at high photon fluxes. Computed Tomography 
(CT) and radiography imaging in medical, industrial and transportation security 
applications traditionally use photocurrent mode detectors due to the high photon fluxes 
involved. Photocurrent-mode devices do not allow energy measurement of the photons 
and are used in grey-scale imaging. The strength of pulse mode detectors is in energy 
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discrimination that enables spectroscopy and spectroscopic imaging. Due to the longer 
time required for the signal formation and analysis to obtain the energy information, 
pulse mode detectors are only used in low-flux or photon starved applications today.  
The low photon flux involved also imposes a practical limit on the spatial 
resolution of pulse mode detectors aimed for spectroscopic imaging. Too small detector 
pixels would result in low detection efficiency and too slow imaging devices. With the 
latest improvements in material and device fabrication technology of various 
semiconductor detector materials, there is revived interest in pulsed mode detectors in 
high-flux applications such as industrial and medical CT. With the employment of 
pulse-mode detectors, in-principle multi-colour or spectroscopic CT and radiography 
can be developed with numerous exciting potential applications in industrial, medical 
and security imaging. We will not focus our discussion on current mode detectors but 
on pulse mode detectors only. 
The operation principle of pulse-mode semiconductor detectors is shown in      
Fig. 2.5. The detector consists of a slab of a semiconductor material with electrodes on 
the opposite faces of the semiconductor. The detector material is depleted in free 
carriers and an electric field is applied between the electrodes using an outside bias.  
 
 
Fig. 2.5. Operation principle of CdTe detector [19] 
High-energy photons from an outside radioactive source or X-ray tube induce 
electron-hole pairs in the semiconductor volume through photoelectric or Compton 
interactions [18]. The interaction is a two-step process where the high-energy electrons 
created in the photoelectric or Compton event loose their energy through repeated 
electron-hole ionization. The most important aspect of the photon interaction for 
spectroscopy is that the number of electron-hole pairs is proportional to the photon 
energy (for the photoelectric effect). The charge cloud of electrons and holes is 
separated in the electric field and the electrons and holes move toward the opposite 
electrodes, creating a temporary current through the device. This current is typically 
integrated by a charge sensitive preamplifier to measure the total charge induced by the 
outside radiation and produces a voltage pulse with amplitude proportional to the total 
induced charge. This voltage pulse is amplified and collected as a histogram in a multi-
channel analyzer. Photons with various energies produce voltage pulses in the 
preamplifier with various amplitude and individual peaks with various peak positions in 
the multi-channel analyzer. Fluctuation in the pulse amplitude due to electronic noise 
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results in a broadening of the energy peak, while charge loss in the detector due to 
trapping or recombination results in reduced pulse amplitude and a low energy tail in 
the energy peak [19]. 
Fabrication of CdTe detectors inevitably introduces surface, subsurface or 
interface defects. These defects and electrically active defects in the bulk of the detector 
material introduce various sources of noise (shot noise, thermal noise, 1/f noise) 
deteriorating the energy resolution of the devices. 
2.8. Defects in Semiconductors 
An ideal crystalline solid has a periodic structure that is based on the chemical 
properties of its constituent atoms. However, real crystals are not perfect [27]. They 
always have imperfections such as extra/missing atoms or impurities, which are called 
defects. 
Control of the electrical and optical properties in CdTe as well as in any other 
compound semiconductor requires understanding of the defect structure native. 
Unraveling the defect structure is not a trivial problem. Crystal lattice defects (defects in 
short) are usually classified according to their dimensions. Defects as dealt with in this 
course may then be classified as follows [28]: 
2.8.1. 0-dimensional defects 
Point defects, or 0-dimensional defects, refer to missing, additional, or misplaced 
atoms within the crystalline lattice. 
• Most prominent are vacancies and interstitials. The presence of intrinsic point 
defects is related to the nature of the atom. Atoms in a solid are subject to thermal 
vibrations at any temperature. The average amplitude of the atomic displacements 
increases with increasing temperature. Therefore, it is easy to imagine a localized 
area within the crystal where the vibrations are intense enough to cause a single 
atom to jump to a different location, either to the surface of the crystal or to an 
intermediate or interstitial position within the crystal.  
 
Fig. 2.6.Schematic diagram of a Schottky defect 
[28] 
Fig. 2.7.Schematic diagram of a Frenkel 
defect [28] 
If the atom moves to the surface of the crystal, a Schottky defect is said to have 
formed, leaving a vacancy as the defect. However if the atom jumps to an 
interstitial position within the crystal lattice, it is said to have formed a Frenkel 
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defect, creating both a vacancy and a self-interstitial. A vacancy is a missing atom 
within the crystal lattice. A self-interstitial is an atom of the same type as the bulk 
material that is located at a non-lattice site. A Schottky defect is shown 
schematically in Fig. 2.6, while a Frenkel defect is shown schematically in Fig. 2.7 
• If we invoke extrinsic atoms, i.e. impurity atoms on lattice sites or interstitial sites, 
we have a second class of point defects subdivided into interstitial or substitutional 
impurity atoms or extrinsic point defects (Fig. 2.8). 
  
Fig. 2.8. Diagram of extrinsic point defects of 
substitutional impurities and an  interstitial 
impurity  [28]. 
 Fig. 2.9. Schematic diagram of an antisite defekt  
[28]. 
• In slightly more complicated crystals we also may have mixed-up atoms or antisite 
defects. For example, in CdTe a Cd atom can be situated in a Te position and 
conversely (Fig. 2.9).  
2.8.2. 1-dimensional defects 
Line defects, or one-dimensional defects, refer exclusively to dislocations. 
Although there are two main types of dislocations, edge or screw, these two types 
typically combine to form several complicated mixed dislocations.  
Fig. 2.10. Schematic diagram of an edge 
defect  [28]. 
 Fig. 2.11. Schematic diagram  of a mixed 
dislocation comprised of one edge dislocation 
and one screw dislocation  [28]. 
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• Edge dislocations may be described as an extra plane of atoms inserted into the 
crystalline lattice, causing a localized strain to be introduced into the lattice, as 
shown in Fig. 2.10. 
• Screw dislocations are formed when one side of the crystal undergoes a shear 
stress and is displaced at least one lattice plane, while the other side is held fixed.  
• Mixed dislocations are any combination of edge and screw dislocations, and are 
the most typical ones that one finds in bulk crystals. An example of a simple 
mixed dislocation is shown in Fig. 2.11. 
2.8.3. 2-dimensional defects 
Planar defects, or two-dimensional defects, refer to irregularities in the crystalline 
lattice that occur across a planar surface of the crystal. These may be due to an internal 
error in the crystal structure, or interfaces between two different materials, including 
interfaces with different phases of matter. Internal planar defects include stacking faults, 
twin boundaries, grain boundaries, and interphase boundaries, while external planar 
defects refer to surface defects caused by an interaction of the crystal with a gas or 
liquid environment. 
Stacking faults occur when a single plane of atoms within the crystalline lattice is 
misoriented or out of order. For example, the cubic close packed structure follows an 
ABCABC stacking order, however an error in this order such as a stacking of 
ABCABABC produces a stacking fault. Fig. 2.12 shows an example of a stacking fault. 
 
Fig. 2.12. Schematic diagram of a stacking fault  
[28] 
 Fig. 2.13. Schematic diagram of a twin 
boundary  [28]. 
Twin boundaries occur when a stacking fault reorients the rest of the crystal, 
forming a mirror plane within the crystal. For example, in the ABCABC stacking order 
of the cubic close packed structure, a new stacking order of ABCABACBA would 
cause a twin boundary, where the center "B" plane would be a mirror plane. A 
schematic of a twin boundary is shown in Fig. 2.13. 
When two or more single crystals of different orientation meet, grain boundaries 
are formed. There are two types of grain boundaries: pure tilt boundaries and pure twist 
boundaries. Pure tilt boundaries occur when the axis of rotation is parallel to the plane 
of the grain boundary. 
Radiation Detectors Noise Spectroscopy 
 
       -         - 34
2.8.4. 3-dimensional defects 
Volume defects, also known as bulk defects and three-dimensional defects, are 
clusters of point defects. Clusters of defects are produced when the crystal become 
supersaturated.  
Each point defect introduced into a crystal has a certain level of solubility, which 
defines the maximum concentration of the impurity in the host crystal. In general, 
solubility is temperature dependent and decreases as the crystal is cooled down. When 
the concentrations of defects exceed their solubility limit or the crystal is cooled down 
after it gets saturated, it becomes supersaturated with that defect. The crystal under a 
supersaturated condition tries to achieve an equilibrium condition by condensing the 
excess defects into clusters with different phase regions.  
Clusters of vacancies forming small regions where there are no atoms are called 
voids. High concentration of point defects in semiconductors results in formation of 
microvoids.  
Control of the electrical and optical properties in CdTe as well as in any other 
compound semiconductor requires an understanding of the native defect structure. 
Unraveling the defect structure is not a trivial problem. The relatively open zinc blende 
structure should easily accommodate interstitial atoms. In fact the atomic spacing in 
CdTe is larger than the spacing of most tetrahedral structures [3]. Correspondingly the 
cohesive strength of CdTe is smaller than that of most tetrahedral structures suggesting 
the energy of vacancy formation to be smaller and the concentration of vacancies to be 
relatively larger. For the zinc blende structures greater concentrations of native defects 
are more likely in the II-VI compounds where the more ionic bonding requires 
alternating positive and negative charges than in the III-V compounds where the more 
covalent bonding requires a tetrahedral relationship between atoms. These factors 
contribute to the general in CdTe.  
Even in CdTe crystals prepared from high purity (7N) materials, still there are 
several ppb. of chemical impurities and several native defects, introducing localized 
levels in the gap acting as donors or acceptors [4]. These impurity levels act as 
recombination and trapping centers deteriorating the charge collection and detector 
performance.  
Another important problem in CdTe detectors is noise. Noise can also deteriorate 
detector properties.  
2.9. Noise Measurements Characterization  
Noise measurements are not quite so obvious. There are usually three 
contributions to the noise. These are from the detector, the electronics used to make the 
measurement and the photon flux itself. The incident optical power actually consists of 
a current of photons with each photon individually striking and being absorbed by the 
detector. The photon noise is just the shot noise, the uncertainty in the number of photon 
striking the detector which is the square root of that number of photons. In any case, the 
three sources of noise are statistically independent and add in quadrature. 
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where Nntot is the total measured noise, Nflux is the noise contribution from the photon 
flux, Ndet is the detector contribution and Nelec is the contribution from the electronics. 
As mentioned above, noise is usually measured in A/Hz0.5 or V/Hz0.5. What we are 
usually interested in is the detector noise.  
Since the photon noise is determined indirectly, it is always best to make it as 
small as possible. This is usually done by enclosing the detector by a cold shield with no 
aperture. This is what is usually done with cryogenically cooled photodiodes. The cold 
shield is also cooled to cryogenic temperatures reducing the photon noise to, in most 
cases, a negligible level. This is not really practical for detectors operated at higher 
temperatures such as normal room temperature. In such a situation it is still best to 
enclose the detector with a zero aperture shield at what we have called the ambient 
temperature, a temperature that is usually well known. Then we know that the radiation 
incident on the detector is the blackbody radiation corresponding to the ambient 
temperature, and this radiation can be calculated accurately. 
2.10. Fluctuations in Semiconductors 
Noise is a very important problem in devices. The sensitivity of electrical systems 
is limited by noise [29]. A very important source of noise in electronic systems is the 
electronic devices that form the heart of the signal processing and transmission 
components in these systems. These are irreducible sources of noise, and it is very 
important to realize their properties and characteristics [30]. 
Noise is a random process. The value of noise fluctuation cannot be predicted at 
any time even if the past values are known. However, in many practical systems, the 
average power of noise is predictable, and hence, statistical models can describe noise. 
The average power of a voltage signal x(t) is defined as 
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where Pav is expressed in V2. 
The concept of noise power becomes more versatile if defined with regard to the 
frequency component of noise. The Power Spectral Density, Sx(f) (PSD) of a noise 
signal, x(t) is defined as the average power carried by x(t) in a one-hertz bandwidth 
around f . PSD is a very powerful tool in analyzing the effect of noise in systems. If a 
signal with PSD Sx(f) is applied to a LTI system with transfer function H(s), the PSD of 
the output signal is given by  
.)()()( 2fHfSfS xy =  (2.20)
It is also instructive to note that the autocorrelation function of a signal and its 
Power Spectral Density are Fourier Transform pairs. 
.)()()( τω +⇔ tXtXS X  (2.21)
There are four types of noise mainly in semiconductor devices: thermal noise, 
shot noise, generation recombination noise (GR noise) and low frequency noise (1/f 
noise). 
Radiation Detectors Noise Spectroscopy 
 
       -         - 36
2.10.1. Thermal noise 
A conductor in thermal equilibrium with its surroundings shows, at its terminals, 
an open-circuit voltage or short-circuit current fluctuation. M. B. Johnson was the first 
to report careful measurements of thermal noise in 1927 and its power spectrum was 
computed by H.T. Nyquist the same year. He discovered that the open circuit voltage 
noise power spectral density of the conductor is independent of the material of the 
conductor and the measurement frequency, and is determined only by the temperature 
and electrical resistance  
.4kTRSV =  (2.22) 
The corresponding short-circuit current noise spectral density is given by 
,/4 RkTSI =  (2.23) 
where kb is the Boltzmann constant; SV and SI are noise spectral intensity of voltage and 
current respectively.  
This noise is referred to as thermal noise (Johnson-Nyquist thermal noise) and is 
the most fundamental and important noise in electronic devices [31].  
The physical origin of the thermal noise in a macroscopic conductor is a “random-
walk” of thermally excited electrons. An electron undergoes a Brownian motion via 
collisions with the lattices of a conductor. The fundamental properties of a Brownian 
particle were first studied by Albert Einstein and then formulated by M. P. Langevin 
twenty years before Johnson’s observation of thermal noise. The electrons in a 
conductor are thermally energetic via collisions with the lattice and travel randomly. 
The electron velocity fluctuation is a statistically stationary process. However, the 
mean-square displacement of an electron increases in proportion to the observation 
time. The electron position fluctuation is a statistically non-stationary process. Such a 
microscopic approach can indeed explain Johnson’s observation. 
Nyquist employed a completely different approach to the problem. He introduced 
the concept of “electromagnetic field modes” as a degree-of-freedom of the system by 
assuming a transmission line terminated by two conductors. He then applied the 
equipartition theorem of thermodynamics to the transmission line modes. In this way he 
could explain Johnson’s observation without going into the details of a microscopic 
electron transport process. 
 
t
AB
Fig. 2.14. Spontaneous clustering of free electrons at 
one end [32]. 
Fig. 2.15. Thermal noise voltage versus 
time [32]. 
Johnson-Nyquist thermal noise is the intrinsic property of a conductor at thermal 
equilibrium; that is, when there is no applied voltage and no net current (energy flow) in 
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the system. However, the Johnson-Nyquist thermal noise formula is experimentally 
known to be valid even when there is a finite current flow across the conductor. 
Fig. 2.14 shows a piece of conductive material where some free electrons are 
indicated. Random thermal motion of electrons inside the material leads to temporary 
agglomeration of carriers at one end or the other. From a macroscopic standpoint, this 
means that the potential of end contact B will be more negative than the potential of end 
contact A. In other words, a potential difference VAB appears, whose polarity and 
magnitude are fluctuating. This is a thermal noise voltage. A possible pattern of its 
variation versus time is given in Fig. 2.15. As there is no reason to have a permanent 
accumulation of charge at either terminal, the mean value of the fluctuating voltage VAB 
must obviously be zero [32]. 
It also turns out that the spectral density of thermal noise actually increases with 
frequency, rather than remaining constant. This result follows from a more detailed 
analysis taking into account the actual distribution of carrier energies, modified by 
considerations related to Heisenberg’s Uncertainty Principle. Similar to the 
impossibility of simultaneous and accurate measurement of the velocity and position of 
an electron, it is impossible to measure accurately the current through and the voltage 
across a resistor simultaneously. Nyquist’s approach for determining thermal noise is 
very general and is easily extended to include quantum noise. Callen and Welton 
established the microscopic theory of quantum noise in a conductor. The general 
expression for thermal noise voltage based on these considerations is 
.
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At room temperature, however, this expression has the same value given by 
equation (2.22) till around f = 2kT/h = 10 THz. 
2.10.2. Shot noise     
Another noise mechanism, known as shot noise was firstly described and 
explained by W. Schottky in 1918. The current carriers emitted from hot cathode in a 
vacuum tube, or cross barriers in Schottky-diodes, p-n junction or transistor are 
independent and in random.  
The term “shot” was chosen because if one hook up an audio system to a source 
of shot noise biased at low currents, the resulting sound is much that like of buck-shot 
(pellets) dropping into a hard surface [33]. 
The fundamental basis for shot noise is the granular nature of electronic charge. 
Two conditions must be satisfied for shot noise to occur. There must be a direct current 
flow and there must also be a potential barrier over which the charge carriers hop. The 
second condition implies that ordinary linear resisters do not generate shot noise, 
despite the quantized nature of the electronic charge. 
In any electronic device containing a potential barrier, the current through the 
device is limited only to those electrons that possess enough energy to cross the 
potential barrier. The passage of charge carriers (electrons) across this barrier 
constitutes a series of independent, random events. 
To be specific, consider a stream of electrons in vacuum, between two electrodes 
A and B (Fig. 2.16). The electrons are emitted by electrode A and collected by electrode 
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B, which has a positive potential with respect to A (as in a photomultiplier tube) [32]. 
The number of electrons crossing a specific plane (plane B) will fluctuate from one 
short time period to the next, due to the random emission rate of electrons at plane A, 
and also due to the random distribution of individual velocities. Every time an electron 
crosses plane B, an elementary current pulse appears in the external circuit. Its area is 
equal to the elementary charge q and Tt corresponds to the transit time (the average time 
needed to cross the barrier). Region α in Fig. 2.17 corresponds to a cluster of 5 electrons 
reaching plane B. 
t
Tt
area q
region α
Fig. 2.16. Electron clustering during flight between 
two plates [32]. 
 Fig. 2.17. Elementary current pulses[32].
Although from a macroscopic perspective the “steady” current seems to be 
constant, from a microscopic perspective its instantaneous value fluctuates about the 
mean. This noise mechanism is referred to as shot noise and is essentially due to the 
discrete (granular) nature of electric charge. 
It is important to note that shot noise appears in all devices collecting a flow of 
electrical particles. The implicit condition is that the particles must have ballistic 
trajectories, i.e., there are no interactions during flight. This assumes that the density of 
charge carriers is low and the external field high. Otherwise, the randomness of their 
position and velocity is reduced by interactions (repulsion between identical charged 
particles or collisions with lattice atoms), and the shot noise is “smoothed.” 
The fact that charge comes in discrete bundles means that there are discontinuous 
pulses of current every time an electron hops an energy barrier. It is the randomness of 
the arrival times that give rise to the whiteness of shot noise. Shot noise is given by the 
formula 
,2qISI =  (2.25)
where q is the electron (hole) charge value, I – the flowing current. 
The current flow in metal-semiconductor junctions (Schottky diodes) is due to 
majority carriers. Two categories of carriers must be taken into account:  
– Carriers going from metal into semiconductor, which encounter a potential 
barrier of height Eb. These produce the current –IS, which is almost independent 
of the applied voltage. 
– Carriers going from semiconductor into metal, which encounter a barrier of 
height e(φ–U), where φ is the contact potential and U the voltage applied to the 
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metal. Finally, as the overall current is the sum of these components, the total 
current spectral density is found to be 
).2(2)( Stot IIqIS +=  (2.26)
Shot noise is always associated with charge carriers crossing a potential barrier. In 
many situations (particularly in a forward-biased diode), shot noise is “smoothed” by 
the space charge and the transit time of carriers. Shot noise effects are stronger when the 
average current through the device is very low. 
2.10.3. RTS noise 
Another type of noise that plagues semiconductors is known as Random 
Telegraph Signals (also called burst noise). It was first observed in point-contact diodes, 
but has also been seen in ordinary junction and tunnel diodes, some types of resistors 
and both discrete and integrated circuit junction transistors. This kind of noise is 
characterized by bi-modal, and hence non-gaussian amplitude distribution. That is, the 
noise switches between two or more discrete values at random times. The switching 
intervals tend to be in the audio range (~10ms) and the popping sound that is heard 
when a burst noise source is connected to an audio system is why this is also known as 
popcorn noise. 
Popcorn noise shows up as bursts in the collector current at a random rate, several 
hundred per second to one every few minutes. Burst width is variable, between several 
microseconds and a few minutes. For a particular sample, the amplitude remains the 
same (as in Fig. 2.18), but sometimes the bursts can overlap (Fig. 2.19). 
The so-called burst noise in reverse-biased p-n junctions and bipolar transistors is 
an example of discrete switching behavior in electronic devices. Although first observed 
nearly thirty years ago, the origins of burst noise still remain uncertain; dislocations, 
metal precipitates and the switching on and off surface conduction channels have all 
been implicated in its production. Generation-Recombination noise (GR noise) 
observed in semiconductor devices is a typical example of RTS.  
t
C
t
C
Fig. 2.18. Typical waveform for 
popcorn (burst) noise 
Fig. 2.19. Typical waveform for popcorn (burst) noise 
GR noise is very often shown, for instance in [34], as a typical semiconductor 
structure noise, which can appear in the boundary or in the bulk of the semiconductor. 
GR noise is caused by the carrier concentration fluctuations as a result of generation and 
recombination processes. This leads to the electric conductivity fluctuations.  
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Every time a covalent bond is broken, an electron-hole pair is generated. To break 
a covalent bond, a small amount of extra energy is needed. For instance, this can be 
supplied either thermally or by illuminating the semiconductor surface. Since the flow 
of energy (phonons or photons) is quantized, and consequently nonuniform, the 
generation of charge carriers is a random process, both in space and in time. Opposing 
charge generation is the simultaneous process of pair recombination. This takes place 
every time an electron meets a hole. The circumstances of the encounter depend on the 
Brownian motion of carriers, and thus recombination also has a random nature. 
However, on average, generation must balance recombination. 
Traps in the bulk or on the surface of a semiconductor play an important role. 
Since electrons and holes are captured, and then released after a variable lapse of time, 
additional fluctuation in the population of charge carriers is induced. All crystal lattice 
defects (including impurity atoms or molecules that contaminate the surface of the 
semiconductor during fabrication) act as traps. 
Flowing current is used just for generation-recombination noise detection [33]. Its 
current spectral power density is given by: 
( ) ,
1
4)( 22
2
τω
ττ +Δ= NS  (2.27)
where τ is relaxation time. 
The GR noise spectrum (2.27) is usually called Lorentzian spectrum. S doesn’t 
depend on frequency with the frequencies significantly less than f0 = 1/τ. The average 
free carrier (electrons) concentration, delivered from the trap zone to the conductivity 
zone, is defined by the trap concentration, Fermi level position and temperature. But, in 
fact, this concentration fluctuates, and as the result, the carrier concentration can be less 
than average (the sample conductivity is reduced) or more than average (the sample 
conductivity is increased). The relaxation time τ of the carrier exchanging between the 
conductivity zone and the trap zone is determined by the carrier concentration in the 
conductivity zone, capture cross-section of the trap zone and temperature. 
G-R noise shows up in regions where carrier concentrations are relatively weak, 
for instance, in intrinsic semiconductors, lightly doped semiconductors, and in the space 
charge layer of every junction. 
2.10.4. 1/f noise 
Though no universal mechanism has been identified for flicker noise or 1/f noise 
(low frequency noise), it is the most ubiquitous form of noise in nature [35], [36]. 
Phenomena that have no obvious connection like heartbeat, cell membrane potential, 
financial data, DNA sequences and transistors exhibit fluctuations with a 1/f character.  
Low frequency noise shows up in resistors, when it is called “excess noise”, since 
this noise is in addition to what is expected from thermal noise considerations. It is 
found that a resistor exhibits 1/f noise only when there is DC current flowing through it, 
with the noise increasing with the current. This is widely observed in carbon 
composition resistors, and the source of noise has been attributed to the formation and 
extinction of “micro-arcs among neighboring carbon granules. 
By now, 1/f noise has been found in an enormous number of physical systems. In 
solid-state systems, such as metals, superconductors, semiconductors and 
semiconductor devices, 1/f noise is almost omnipresent. Over the years, the 
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phenomenon proved to be of formidable ubiquity entailing a very complex, sometimes 
entangled, problematic. It has been vividly investigated, discussed and disputed in 
literature and throughout reviewed by experts in the field [35]. 
Because the spectrum varies as 1/f α, with α close to 1, flicker noise is always 
called 1/f noise. As the term “1/f” suggests, a spectral density that increases without 
limit as frequency decreases, characterizes this kind of noise. However this broad band 
spectrum cannot be expanded from f = 0 to f = ∞, otherwise the integral of spectral 
intensity will blow out. Measurements down to 10-6 Hz showed that even there the 
spectrum is still 1/f. At very high frequency (>100 kHz) 1/f noise will be overwhelmed 
by white thermal noise, which is always present. One should note the 1/f noise spectrum 
also holds good for metal for point contact and thin film [37]. The source of low 
frequency noise is not very clear, in other words, there is not a theory, which could 
explain all the experiment results. 
1/f noise is very interesting, because it characterizes range of a semiconductor or a 
metal disorder, noise measurements give the possibility to find the material defects with 
the sensitivity not available nether for electric nor optic methods [38] - [40]. 
There have been many attempts to model flicker noise. For instance, McWhorter 
relates 1/f noise to surface states, and introduces a theoretical model based on the time 
constants associated with the recombination process. Hooge proposed an empirical 
approach suggesting that 1/f noise may be related to bulk effects in dissipative media. 
The McWhorter model for 1/f noise assumes that origin of fluctuations is the 
tunneling of charge carriers at the semiconductor surface to and from traps, which are 
located close to the interface. In the case the random process is characterized only by 
relaxation time τ, the noise spectral density has the form of Lorentzian (2.27). 
If the different kinds of traps have statistical weights 
 .)( ττττ d
cdp =  (2.28)
Then superposition of closely situated Lorentzians gives 1/f noise. Integration of  
Lorentzians in the wide band of τ values with the distribution function p(τ)  
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The McWhorter model is a model on number fluctuations, because GR noise 
always is a fluctuation in number. 
This model is simple and therefore, very attractive. However, several assumptions 
have been made, which are usually passed over: 
1. Equal values of (ΔN)2 in each individual GR spectrum 
2. Additivity of the GR spectra 
3. GR noise is a  Δn fluctuation 
According to Hooge, flicker noise in homogeneous semiconductors can be 
characterized by a parameter α such that 
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,2 NfR
S HR α=  (2.30)
with SR being the power spectral density of the noise in the resistance R, f the 
measurement frequency, and N the total number of free charge carriers. Consequently, 
αΗ corresponds to the normalized contribution to the relative noise of a single electron, 
per unit bandwidth (assuming that the contributions of other electrons are independent). 
An average value αΗ of 2·10−3 was first proposed for α. It subsequently turned out that 
α also depends on the quality of the crystal; in perfect material it can be taken 2 or 3 
orders of magnitude lower. 
If we consider a homogeneous sample with length L and N electrons, mobility μ, 
the resistance could be written as: 
.
2
Nq
LR μ=  (2.31) 
Because R contains two variables N and μ, we have to consider fluctuation in both 
carrier number and mobility to find the origin of 1/f noise spectrum. 
.222 μ
μS
N
S
R
S NR +=  (2.32) 
Jindal and van der Ziel [41] suggested a Δμ model based on electron free path 
length fluctuations, which come from electrons interaction with slow fluctuations in the 
longitudinal phonon population in samples. We can begin with the fundamental 
relation: 
,∑ Δ=Δ
q
qq NCl  (2.33)
where Δl and ΔNq are the fluctuations in free path length l and phonon population Nq 
respectively, Cq is the proportionality factor. Same as we did in Δn model, we can get 
the 1/f spectrum for Sl(f): 
.
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2 fl
fSl α=  (2.34)
Also, we have the basic expression for mobility: 
,* ><⋅= v
l
m
eμ  (2.35) 
where m* is the effective mass of carrier, <v> is the average velocity during free path 
If we now consider N carrier system, (2.34) should be rewritten as: 
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Each electron has a free path length li (i = 1…N) with fluctuation Δli. Average of 
mobility is: 
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Fluctuation of mobility is: 
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Hence spectral intensity: 
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(2.39) divide square of (2.37) yields: 
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Thus, equation (2.32) holds for Δμ model as well. 
There’re other models to interpret Δμ noise: Local Interference Noise (LI), which 
supposes the electron waves singly scattered by neighboring defects; Two-Level System 
Noise (TLS, a special case of LI), where scatterer moves one position to another energy-
equivalent position by tunneling; Universal Conductance Fluctuation (UCF), where the 
multiple scattering events of all defects in phase-preserved space contribute the 
interference. Hooge prefer LI model, which works pretty well in metal [42] but not in 
semiconductor. LI model requires α depends on carriers density, contrary to all 
experiments on semiconductor devices. 
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3. Aims of the Doctoral Thesis 
My dissertation thesis deals with stochastic processes in CdTe detectors of X-rays 
and gamma-rays, as well as CdTe single crystals which are used for CdTe detectors 
manufacturing. The main goal is to present theoretical and experimental analysis of 
voltage and current fluctuations in CdTe samples, determination of noise sources and 
their frequency spectrum localization.  
The noise spectroscopy in time and frequency domain is one of the promising 
methods to provide a non-destructive characterization of semiconductor materials and 
devices. It is due to microphysical origin of fluctuation caused by quantum transitions 
and scattering of charge carriers. The sensitivity of the noise characteristics to the 
structure defects and other irregularities is a typical feature of these methods, thus the 
application of ultra low noise spectroscopy on CdTe will be presented. 
CdTe samples which are prepared by Physical Institute of Charles University in 
Prague will be used for the studies. These samples have different parameters of 
conductivity type and resistance so it will be possible to apply all the research results for 
all types of CdTe. 
First of all, the model of a CdTe sample with two current golden contacts will be 
created. That model is very important because all the following analysis of transport and 
noise characteristics of the samples will be based on this model.  
Then VA characteristics of the samples and the properties of bulk resistance with 
different values of the applied voltage and with different temperatures will be studied. 
What process dominates during temperature changes – carrier mobility or carrier 
concentration changing and how does it change will be investigated. The impurity levels 
in semiconductors substantially determine their properties. The recombination – 
generation process depends on the presence and a number of these levels. 
The experimental study of noise in CdTe samples will be aimed on the low-
frequency noise observation. The noise characteristics will be obtained by the 
equipment. The measured noise voltage of the studied structure will be amplified by 
low-noise preamplifier. LP filter will cut off the high-frequency harmonic components 
and the noise signal will be digitalized by sampling and quantization processes. After 
that the voltage fluctuations spectral density of the digital noise signal will be 
calculated. 
The low frequency noise of 1/f type has its spectral density inversely proportional 
to frequency, device active volume and the total number of free charge carriers. My next 
step will be to analyse the noise spectral density in frequency domain and found how 
the depleted region at the contact metal – semiconductor effects the total low frequency 
noise of the samples.  
 This work will help to find the experimental results about noise sources and the 
spectral density dependence on the characteristic values. It will give new information 
about transport properties of CdTe and the processes taking place when the sample is 
exposed to the external electric field and to the effect of temperatures higher than the 
room temperature. 
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4. Modeling 
4.1. Contact Modeling 
It is necessary to understand properly the mechanism of the metal and 
semiconductor contact initiation for the CdTe detectors properties study. When the 
metal is making an intimate contact with the semiconductor, the Fermi levels in two 
materials must be coincident at thermal equilibrium [43]. We will consider two types of 
CdTe detectors: p-type and n-type. 
The studied CdTe samples have golden contacts. We now consider the case of the 
metal (Au) and the semiconductor (CdTe) when they are not in contact. The work 
function is the energy difference between the vacuum level and the Fermi level. This 
quantity denoted by eфM (фM in volts) for the metal, and eфS = e(χ + μF) for the 
semiconductor, where eχ is the electron affinity, eμF is the energy difference between 
the Fermi level EF and the bottom of the conductivity band EC. The potential difference 
фM – фS is called the contact potential. 
The work function фM = 5.37eV for Au. To find the semiconductor work function 
we should calculate the Fermi level position.  
The Fermi level position theoretical estimation for an n-type semiconductor is 
[44] - [47] 
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where ED is the donor level position; ND is the donor concentration; T is the 
temperature; NC is the effective density of states in the conductivity band. 
The Fermi level position for a p-type semiconductor can be found from the 
equation: 
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where μ'F is the energy difference between the Fermi level EF and the top of the valence 
band EV; EA is the acceptor level position; NA is the acceptor concentration; NV is the 
effective density of states in the valence band and it is given by 
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where mdh is the density-of-state effective mass of the valence band: 
( ) ,3/22/3*2/3* hhlhdh mmm +=  (4.4) 
where the subscripts refer to “light” and “heavy”. 
The effective density of states in the conductivity band of an n-type 
semiconductor is 
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where mn is an electron mass. 
 
 
Fig. 4.1. Energy band diagram of Au and 
a p-type CdTe before contact 
Fig. 4.2. Energy band diagram of Au and 
a p-type CdTe connection. 
For a p-type semiconductor the density-of-state effective mass mdh = 7.9·10-31kg, 
the effective density of states in the valence band NV = 2.03·1025 m-3. According to 
equation (4.2) the Fermi level position equals to 0.25eV measured from the top of the 
valence band, or EF = 5.75eV measured from the bottom of the vacuum level with an 
assumption EA = 0.3 eV, NA = 5·1021 m-3 and temperature T = 300 K. So the value of the 
semiconductor work function is higher than the value of the metal work function. The 
energy band diagram of Au and a p-type CdTe before contact is in Fig. 4.1 
  
Fig. 4.3. Energy band diagram of Au and 
an n-type CdTe before contact 
Fig. 4.4. Energy band diagram of Au and 
an n-type cdTe connection 
As the distance between the metal and the p-type semiconductor decreases, an 
increasing negative charge is built up at the metal surface. If a wire is connected 
between the semiconductor and the metal, electrons from the metal surface will flow to 
the semiconductor, because the metal work function is less than the semiconductor work 
function (фM = 5.37eV and фS = 5.75eV). This process will continue until Fermi levels 
in the metal and in the semiconductor are equal (Fig. 4.2).   
The energy band diagram of Au and an n-type CdTe before contact is in Fig. 4.3. 
The work function value of an n-type CdTe is higher than that of Au. The process of an 
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n-type CdTe and Au Fermi levels equalization is similar to the same process in a p-type 
CdTe and Au (Fig. 4.4).  
When the gap between the metal and the semiconductor is small enough to be 
comparable with interatomic distances, it becomes transparent to the electrons. The 
electrons recombine with the holes not just on the semiconductor surface but over the 
layer of length Ld in the bulk, because the hole concentration in the semiconductor is 
significantly less than the electron concentration in the metal surface. All the p-type 
semiconductor energy levels bend within the depletion layer Ld (Fig. 4.5). There are 
almost no free carriers over the depletion layer, so the resistance of this layer is 
significant. The band diagram of an n-type CdTe and Au is in Fig. 4.7. 
Fig. 4.5. Energy band diagram of Au and 
a p-type CdTe contact 
Fig. 4.6. Energy band diagram of Au and the a p-
type CdTe contact with applied external voltage 
Vext. Reverse bias. 
The barrier height is simply the difference between the metal work function and 
the electron affinity of the semiconductor. For an ideal contact between a metal and a  
p-type semiconductor [43],[44] the barrier high eφbp is given by 
),( χφφ −−= mgbp eEe  (4.6) 
For an ideal contact between a metal and an n-type semiconductor the barrier high 
eφbn is given by 
),( χφφ −= mbn ee  (4.7) 
The diffusion potential, or built-in potential Vbi, as shown in [43], for a p-type 
semiconductor equals to 
),' MFgMSbip eeeEeeeV φμχφφ −−+=−=  (4.8) 
and for an n-type semiconductor is equals to 
).( FMSMbin eeeeeV μχφφφ +−=−=  (4.9) 
For a p-type CdTe Vbip = 0.35V according to equation (4.8), for an n-type CdTe 
Vbin = 0.62V according to equation (4.9).  
In case there is an external voltage Vext applied in reverse bias to the metal-
semiconductor junction (Fig. 4.6,Fig. 4.8), the built-in potential is rising: 
,extbibir VVV +=  (4.10) 
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where Vbi is the built-in potential without applied electric field. If an external voltage 
Vext is applied in forward bias to the metal-semiconductor junction, the built-in potential 
is lowering: 
 ,extbibif VVV −=  (4.11) 
With an external voltage applied to the metal-semiconductor junction the barrier 
height can increase (reverse bias) or decrease (forward bias). We consider now an n-
type semiconductor. With an applied external voltage in forward bias (negative potential 
is applied to the semiconductor) the semiconductor positive space charge within the 
depleted layer decreases and all the levels in the semiconductor rise by the value of 
eVext. The potential barrier decreases.  
Fig. 4.7. Energy band diagram of Au and 
an n-type CdTe contact 
Fig. 4.8. Energy band diagram of Au and an n-
type CdTe contact with applied external voltage 
Vext. Reverse bias. 
If an external voltage is applied in the reverse bias (positive potential to the 
semiconductor), the semiconductor positive space charge within the depleted layer 
increases and all the levels in the semiconductor lower by the value of eVext. The 
potential barrier increases (Fig. 4.8) and the depleted region expands. The band diagram 
of Au and a p-type CdTe contact is in Fig. 4.6. 
 
 
Fig. 4.9. CdTe single crystal sample 
The studied CdTe single crystal with four golden contacts is in Fig. 4.9. It has two 
current contacts and two voltage contacts, which are placed approximately 1.5 mm from 
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current contacts to exclude the contact areas from the homogenous crystal. The band 
diagrams of an n-type CdTe and a p-type CdTe are in Fig. 4.10, Fig. 4.12. 
 
Fig. 4.10. The band diagram of an n-type CdTe detector. There are two rectifying contacts created by 
the metal-semiconductor junction. 
Work function of an n-type CdTe is less than that of Au (фM = 5.37eV, фS = 4.75 
eV) that is why electrons from CdTe move to the metal. Therefore there appears the 
excess negative charge in the metal at the contact area. The electrons leave behind 
themselves positive ionized atoms when they move to the metal. This way the excess 
positive charge appears in the CdTe within the depleted region (Fig. 4.10).  
 
Fig. 4.11. Block scheme of CdTe detector 
For the studied CdTe detectors фM > фS for an n-type CdTe and фM < фS  for a p-
type CdTe, so the condition for appearance of rectifying contacts is executed. All the 
studied detectors with p-type and n-type semiconductors have two rectifying contacts. 
Each contact metal – semiconductor is a Schottky diode. If there is no external voltage, 
each sample has two identical barriers at the metal-semiconductor junctions. 
So we can imagine each studied CdTe sample with golden contacts as a series 
connection of two Schottky diodes (Fig. 4.11) with a resistor between them.  
With an applied external voltage to the sample one of the contacts operates in 
forward bias and another one operates in the reverse bias, so the barriers at each contact 
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will be different. With an external voltage Vext > Vbi one of the barriers will disappear 
(at the forward bias contact) and there will be just one contact barrier in the sample.  
 
Fig. 4.12. The band diagram of a p-type CdTe detector. There are two rectifying contacts created by 
the metal-semiconductor junction. 
The band diagram of a p-type CdTe detector is in Fig. 4.12. The work function of 
Au is higher than that of a p-type CdTe that is why electrons from Au move to the 
semiconductor. Therefore the excess positive charge appears in the metal and the excess 
negative charge appears in the semiconductor at the contact area.  
4.2. Depleted Region 
We now consider energy changes of an electron, which is located at the bottom of 
the conductivity band with its movement towards the depleted region. The electron 
energy doesn’t depend on coordinate x, and the conductivity band bottom is figured by a 
horizontal line, until it is situated beyond the contact field E. The force acts on the 
electron in the space charge region and tries to push it out the region. It is necessary to 
make a work to overcome the force; this work transforms to the potential energy of the 
electron. Therefore the electron potential energy φ(x) increases with its movement 
inside the space charge region and reaches the maximum at the metal-semiconductor 
interface. 
We should use the Poisson’s equation to find the function φ(x) [48]; this equation 
connects field potential φ(x) with bulk charge density, which makes this field.  
,)(
0
2
2
εε
ρϕ x
dx
d −=  (4.12) 
where ρ(x) - is the space charge density; ε – is the semiconductor permittivity (equals to 
7.2 for CdTe), ε0 – is vacuum permittivity. 
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We can suppose that all the impurities within the depleted region are ionized. 
Than the space charge density for an n-type semiconductor can be found from the 
expression 
),( npNNe AD −+−=ρ  (4.13) 
where ND is the donor concentration; NA is the acceptor concentration; p is the hole 
concentration and n is the electron concentration. 
For simplicity, we assume that the junction has a sharp boundary so ionized 
impurities beyond the depletion region are fully compensated by mobile carriers, and 
there is no mobile carriers within the depleted region. With this assumption the space 
charge density within the depleted region is determined by immobile charge only: 
.DeN=ρ  (4.14) 
Substituting equation (4.14) into equation (4.12) gives us the next equation: 
,
0
2
2
εε
ϕ DeN
dx
d −=  (4.15) 
The contact field doesn’t exist within range x ≥ Ld, therefore the following 
conditions are the boundary conditions for the equation (4.15): 
0)( =dLϕ ,    .0=⎟⎠
⎞⎜⎝
⎛
= dLxdx
dϕ  (4.16) 
Integration of equation (4.15) with boundary conditions (4.16) gives us the 
equation for the electric field intensity: 
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D
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−===−= ∫ εεεεεεϕ  (4.17) 
Integration of equation (4.17) with boundary conditions (4.16) gives us the 
equation for the electric field intensity: 
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xLeN dD −= εεϕ    (4.18)  
According to equation   (4.18) the contact field potential in the semiconductor is 
decreasing by a parabolic law with x increasing.  
For x = 0 φ(0) = φ0 = eVbin. Then 
.
2
2
0
0 d
D LeN εεϕ =  (4.19) 
So now from (4.19) we can find the depleted region width for an n-type CdTe:  
0
00 22 ϕεεεε
D
bin
D
d eN
V
eN
L ==  (4.20) 
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The similar analysis of a p-type semiconductor gives us the following formula for 
the depleted region calculation:  
0
00 22 ϕεεεε
A
bip
A
d eN
V
eN
L ==  (4.21) 
The contact field potential within the depleted region of the metal-semiconductor 
junction for p-type sample F33B8 is in Fig. 4.13. The depleted region width Ld = 236 
nm according to equation (4.20) with the assumption of the acceptor concentration 
NA=5·1015 cm-3 and the hole concentration in the bulk  p = 1·1015 cm-3.  
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Fig. 4.13. The contact field potential within the 
depleted region of p-type CdTe sample F33B8 at 
the metal-semiconductor junction. 
Fig. 4.14. The holes concentration distribution 
within the depleted region of p-type CdTe sample 
F33B8 at the metal-semiconductor junction. 
If there is an external electric field applied to the metal-semiconductor junction, 
the contact potential changes and becomes   
.
2
2
0
0 d
D
ext L
eNeV εεϕ =±  (4.22) 
So the depleted region decreases if an external voltage is applied in forward bias: 
,)(
2 0
extbi
D
d eVVeN
L −= εε  (4.23) 
and increases if an external voltage is applied in reverse bias: 
,)(
2 0
extbi
D
d eVVeN
L += εε  (4.24) 
The contact field potential within the depleted region at the metal-semiconductor 
junction for the sample F33B8 with an applied voltage of 1V is in Fig. 4.15. The 
depleted region Ld = 464 nm according to equation (4.24).   
Now we can find the carrier concentration changes law within the depleted region, 
because we know the potential barrier changes law. The carrier concentration changes 
law is determined also by the distance between the conductivity band bottom and the 
Fermi level position. For an n-type semiconductor it is : 
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C nenneNxn n +=+= −+− ϕϕμ  (4.25) 
where μn is the distance between the conductivity band bottom and the Fermi level 
position within the depleted region in the semiconductor bulk; nn0 is the electron 
equilibrium concentration in the semiconductor bulk; ni is the intrinsic electron 
concentration. The holes concentration for a p-type semiconductor is: 
,)( /)(0
/)]([
i
kTx
pi
kTx
V peppeNxp p +=+= −+− ϕϕμ  (4.26) 
where μp is the distance between the valence band top and the Fermi level position 
within the depleted region in the semiconductor bulk; pp0 is the hole equilibrium 
concentration in the semiconductor bulk; pi is the intrinsic hole concentration given by: 
( ) ⎟⎠⎞⎜⎝⎛ −= kTEgdhei eh kTmmp 23
2/3
22 π
 (4.27) 
The holes concentration distribution within the depleted region is in Fig. 4.14 and 
in Fig. 4.16 in the case if there is an external voltage of 1 V applied in reverse bias to 
the metal-semiconductor junction. 
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Fig. 4.15. The contact field potential within the 
depleted region of p-type sample F33B8 at the 
metal-semiconductor junction with an applied 
voltage of 1V 
Fig. 4.16. The holes concentration distribution 
within the depleted region of p-type sample F33B8 
at the metal-semiconductor junction with an 
applied voltage of 1V. 
The resistance of the depleted region is much higher than that of the homogenous 
part of the sample, because there is very low concentration of free carriers.   
4.3. Summary 
The samples of CdTe single crystals with golden contacts used for measurements 
can be imagined as a series connection of two Schottky diodes with a resistor between 
them (as it shown in Fig. 4.11.). The studied samples have two metal-semiconductor 
junctions and there is depleted region at these contacts.  
With an applied external voltage to the sample one of the contacts operates in 
forward bias and another one operates in the reverse bias, so the barriers at each contact 
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will be different. With an external voltage Vext > Vbi one of the barriers will disappear 
(at the forward bias contact) and there will be just one contact barrier in the sample.  
Since the depleted region width in this case is much higher than without the 
applied voltage, the resistance of this region is much higher than the resistance of the 
homogenous part of the sample and the forward bias metal-semiconductor junction. So 
we can consider with a small error just this part of the sample for further analysis of 
transport and noise characteristics. 
I calculated the depleted region width and the contact potential based on the 
Poisson’s equation. The depleted region width decreases if an external voltage is 
applied in forward bias and increases if an external voltage is applied in reverse bias. 
The same principle is for the contact field, which doesn’t exist within the depleted 
region.   
I found the carrier concentration distribution law within the depleted region on 
basis of the contact potential changes law and the distance between the conductivity 
band bottom and the Fermi level position. The formula for the Fermi level position was 
found on basis of a sample charge neutrality. 
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5. Measuring Results 
5.1. Experimental Equipment 
The measuring equipment intended for the CdTe detectors transport 
characteristics study is in Fig. 5.1. The sample with a load resistor is placed into the 
cryostat. The cryostat allows controlling surround work temperature in the range from 
77 K to 400 K by a heating spiral. The cryostat is also intended for undesired electrical 
fields screening.  
 
Fig. 5.1. Block diagram of the experimental set-up. 
Programming D/A converter Agilent E3631A is used for VA characteristics and 
long time current measurements. D/A converter is also used for automated temperature 
control into the cryostat. Separated measuring dots are connected to a multiplexer 
Agilent 34970A with plug-in module Agilent 34902A, which is used for measured data 
A/D converting and connected to the PC by GPIB. The input impedance of the 
multiplexer can be set on 10 MΩ or 10 GΩ as may be required by load resistance value.  
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Fig. 5.2. Block scheme of the temperature regulation in the cryostat  
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The temperature in the cryostat is controlled by digital proportional-integration 
(PI) feedback regulation. Block scheme is in Fig. 5.2 
The core of the regulator is digital integrator with transmission function 
{ }
{ } ,1)(
)(
)(
)()( 1
1
0
−+=== za
b
zE
zY
neZ
nyZzH  (5.1) 
which is implemented in the time domain y(n) = b0e(n) - α1y(n - 1), where y(n) is the 
input signal of the integrator, e(n) is the control deviation which is defined by the 
difference between required temperature and real temperature. Value b0 is the 
proportional term and α1 is the integrator time constant. Both constants were determined 
experimentally, considering the temperature inertial properties. 
Error function e(n) = Trequest(n) - Treal(n) actualizes with each new sample. The 
control deviation and integrator output then go to the simple comparator which 
evaluates actual possible relevant power of the heating spiral (R = 25 W) considering to 
its maximum value which is defined by user.  
Diode KA263 in a glass package with Ud = 1019 mV with 10 μA at 77 K and with 
temperature gradient -2.421 mV/K is used as a temperature sensor in the cryostat. It has 
threshold voltage linear dependence on the temperature in the interval of liquid nitrogen 
temperature 77 K up to 400 K with current 10 μA. The diode threshold voltage is 
digitalized by multiplexer Agilent 34970 and then converted to the actual temperature 
based on the temperature of liquid nitrogen. The temperature fixed by the user is being 
kept during the whole measurement process. The complete software for the experiments 
control was written in Borland C++ Builder 6.0. 
5.2. VA Characteristics 
5.2.1. Current transport processes 
The current transport in metal-semiconductor contacts is mainly due to majority 
carriers, in contrast to p-n junctions, where the minority carriers are responsible [43]. 
Fig. 5.3 shows four basic transport processes under forward bias (the inverse processes 
occur under reverse bias). 
These four processes are:  
(1) transport of electrons from the semiconductor over the potential barrier into 
the metal [the dominant process for Schottky diodes with moderately doped 
semiconductors operated at moderate temperatures (e.g., 300 K)],  
(2) quantum-mechanical tunneling of electrons through the barrier (important for 
heavily doped semiconductors and responsible for most ohmic contacts), 
(3) recombination in the space-charge region [identical to the recombination 
process in a p-n junction] and  
(4) hole injection from the metal to the semiconductor (equivalent to 
recombination in the neutral region). In addition, we may have edge leakage current due 
to a high electric field at the contact periphery or interface current due to traps at the 
metal-semiconductor interface.  
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Fig. 5.3. Four basic transport processes under forward bias 
We consider transport of electrons over the potential barrier. For high-mobility 
semiconductors (e.g., CdTe) the transport can be adequately described by the thermionic 
emission theory. The main transport process in CdTe must be transport of electrons 
from the semiconductor over the potential barrier into the metal and quantum-
mechanical tunneling. 
5.2.2. Thermionic emission theory 
The thermionic emission theory by Bethe is derived from the assumptions that  
(1) the barrier height qφbn is much larger than kT,  
(2) thermal equilibrium is established at the plane that determines emission, and  
(3) the existence of a net current flow does not affect this equilibrium, so that one 
can superimpose two current fluxes - one from metal to semiconductor, the other from 
semiconductor to metal, each with a different imref.  
Because of these assumptions, the shape of the barrier profile is immaterial and 
the current flow depends solely on the barrier height. The current density Js→m from the 
semiconductor to the metal is then given by  
,expexp2 ⎟⎠
⎞⎜⎝
⎛⎟⎠
⎞⎜⎝
⎛−=→ kT
qV
kT
qATJ bms
φ  (5.2) 
where φb is the barrier height and A is the effective Richardson constant for thermionic 
emission, neglecting the effects of optical phonon scattering and quantum mechanical 
reflection. For free electrons the Richardson constant A is 120 Acm-2K-2.  
Since the barrier height for electrons moving from the metal into the 
semiconductor remains the same, the current flowing into the semiconductor is thus 
unaffected by the applied voltage. It must therefore be equal to the current flowing from 
the semiconductor into the metal when thermal equilibrium prevails (i.e., when U = 0). 
The corresponding current density is obtained from (5.2) by setting U = 0, 
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The total current density is given by the sum of (5.2) and (5.3) 
,1exp1expexp2 ⎥⎦
⎤⎢⎣
⎡ −⎟⎠
⎞⎜⎝
⎛=⎥⎦
⎤⎢⎣
⎡ −⎟⎠
⎞⎜⎝
⎛⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛−=→ kT
qVJ
kT
qV
kT
q
ATJ STbms
φ  (5.4) 
where  
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⎛−=
kT
qATJ bnST
φ  (5.5) 
Equation (5.4) is similar to the transport equation for p-n junctions. However, the 
expressions for the saturation current densities are quite different. 
5.2.3. Contact voltage 
There always exists a problem of bulk and contact properties separation of a CdTe 
sample because each contact joins together at least two different materials (or three 
materials in case there is interlayer). I used four-dot method for measuring of bulk and 
contact properties.  
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Fig. 5.4. Transport characteristics measuring method. 
Fig. 5.4 shows the four-dot measuring method. The current through the sample 
flows in the horizontal direction. The sample has two voltage contacts on the surface 
which are connected to the voltmeter by very tiny golden wires. The sample is loaded 
with the load resistance which allows calculating the flowing current. The potential of 
each contact is measured relatively to the joint ground. VC1 and VC2 are idealized contact 
voltages (without influence of material serial resistance and current dependent 
nonlinearities at the contacts). VT is the total voltage applied to the semiconductor. 
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5.2.4. VA characteristics 
Very often a low ohmic contact is taken as an ohmic contact, although the shape 
of VA characteristic can looks a like to the ohmic behaviour. Nonlinearity of VA 
characteristic and the range of measured contact voltage are two separate conceptions, 
therefore low ohmic & rectifying contacts and high ohmic & ohmic contacts 
theoretically can exist. High ohmic contacts can exist without presence of contact 
interlayer (for example, oxid layer or presence of other semiconductor). It was shown in 
chapter 4 that high ohmic contacts can exist as a result of space charge presence at the 
metal-semiconductor junction (barrier layer).   
The area of space charge always exists at the interface between two materials with 
different conductivity. The current flowing through these materials is the same. 
Therefore electric fields in these materials should be different. As we can see from 
Poisson equation (4.12) the space charge must exist when electric field changes. The 
carriers concentration gradient and then diffusion currents are fundamentally connected 
with it. From this point of view there does not exist an ohmic contact (fully agreed with 
Ohm’s law), even between metals. 
Volt Ampere characteristics of the samples were measured using the described 
above four-dot method. VA characteristic of the contact is the dependence of contact 
voltage on current flowing through the contact. Rectifying contacts should have 
asymmetric characteristic with an area of current saturation. Ohmic contacts should 
have U/I ratio constant in an ideal way.  
But in practice we always have symmetric VA characteristics which very often 
show a linear shape in wide range of operating voltage. The voltage of the measuring 
sample is not “clear” contact voltage of the given contact. It is defined by serial 
combination of two contact areas connected opposite to each other (Fig. 4.11). 
Rectifying character of the structure disappears in this way. Moreover there appears 
interaction between two contacts and a number of nonlinear effects in charge transport 
appear.  
I studied the bulk properties and properties of the whole sample. The value of 
current was calculated by dividing a voltage drop on the load resistance (potential 
difference between contact 4 and ground in Fig. 5.4) by the value of the load resistance. 
The load resistance was different for each sample. It was chosen in such a way that its 
value was comparable to the value of the CdTe sample resistance.  
Three samples were investigated in this experimental part of the chapter.  
- Low ohmic p-type sample F33B8 with the resistance approximately of 60 kΩ. 
- Low  ohmic  n-type  sample  F35C3  with  the  resistance approximately of 
130 kΩ. 
- Semiinsulating n-type sample 452B with the resistance of 300 – 500 MΩ. 
VA characteristics were measured in temperature interval 300 – 390 K. 
Experiment shows that they are symmetric for direct and reverse voltage that is why 
there is shown only direct voltage in the graphs. 
VA characteristics of the bulk were measured between contacts 2 and 3 of the 
sample. VA characteristics of the whole sample was measured between contacts 1 and 4 
(Fig. 5.4). The measuring results of sample F35C3 are in Fig. 5.5, Fig. 5.6. 
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Fig. 5.5. VA characteristics of low ohmic n-type 
sample F35C3. 
Fig. 5.6. VA characteristics of the bulk of low 
ohmic n-type sample F35C3. 
VA characteristics of low ohmic p-type sample F33B8 are in Fig. 5.7, Fig. 5.8.  
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Fig. 5.7. VA characteristics of low ohmic p-type 
sample F33B8. 
Fig. 5.8. VA characteristics of the bulk of low 
ohmic p-type sample F33B8. 
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Fig. 5.9. VA characteristics of semiinsulating n-
type sample 452B. 
Fig. 5.10. VA characteristics of the bulk of 
semiinsulating n-type sample 452B. 
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VA characteristics of semiinsulating n-type sample 452B are in Fig. 5.9 and in 
Fig. 5.10. 
All the VA characteristics of the bulk and of the sample show almost linear 
characteristics in the whole range of applied voltages.  In spite of the fact that the 
sample volume between contacts 2 & 3 (homogenous CdTe crystal) is much grater than 
the areas between contacts 1 & 2 and 3 & 4, the resistance of the homogenous part of 
the sample is less than the resistance of the contact areas. That is because there is 
always one metal-semiconductor junction operating in reverse bias (Fig. 4.11) which 
has very high resistance as a result of very low carrier concentration in this area.  
The result of the experimental measuring of the potential distribution through the 
p-type sample is in Fig. 5.11. The potential drop on the sample is 5.84 V. The highest 
voltage drop is on the reverse operating contact. This area has the highest resistance. 
The voltage drop on the homogenous part and on the forward operating contact is much 
less than the voltage drop on the reverse bias contact area.    
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Fig. 5.11. Potential distribution through p-type sample F33B8. 
The saturation current according to equation (5.5) for an n-type sample with 
barrier height 0.87 eV equals to 1.2 nA at 300 K and 5 μA at 390 K In the 
semiinsulating sample because of a very low carrier concentration the flowing current 
achieves maximum 1.2 μA at 390 K, it is lower than the saturation current. But at lower 
temperatures its current is much higher than the saturation current. In the low-ohmic n-
type sample the current values are always much higher than the value of saturation 
current. The dominant transport process of quantum-mechanical tunneling of electrons 
through the barrier takes place in this case.  
Richardson constant for a p-type CdTe A = 42 Acm-2K-2 [49]. The saturation 
current according to equation (5.5) for a p-type sample with barrier height 0.6 eV equals 
to 4.8 μA at  300 K and 5.3 mA at 390 K. At lower temperatures the dominant transport 
process is quantum-mechanical tunneling of electrons through the barrier. At higher 
temperatures the main transport process is transport of holes through the barrier. 
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5.3. The Hole Concentration, the Hole Mobility and the Fermi 
Level Position 
The changing of the hole concentration, the hole mobility and the Fermi level 
position in the bulk with temperature changing was studied. For this purpose the bulk 
resistance of the p-type sample was measured during the time interval of 17.5 hours. 
Applied voltage was U = 1V.  
The measurements started with temperature T = 310 K and this temperature was 
constant during 110 minutes. Then temperature was quickly increased to 393 K and was 
kept for approximately 170 minutes. After that  the  sample was cooled back to 310 K. 
The initial temperature was a little higher than the room temperature to avoid influence 
of a temperature drop during long time measurements. The measurement result is in  
Fig. 5.12. 
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Fig. 5.12. The bulk resistance changing with time. p-type sample F33B8. Uext = 1V 
As we can see the bulk resistance of the low ohmic p-type sample decreases very 
slowly. After the temperature started to increase, the bulk resistance of the sample 
increased  also.  At  the  beginning  of  the  measurements  the   bulk   resistance   was  
R = 1.9 kΩ and at the end of the measurements it was R = 0.26 kΩ.  
Heating process with following cooling doesn’t cause irreversible changes of the 
sample properties. It takes approximately 3 days to come to the initial state. After this 
time the sample completely restores its initial properties.  
As we can see from the measurement results, at first the CdTe sample shows 
metal behavior with every temperature changes. Its resistance increases with the 
temperature increasing and decreases with the temperature decreasing. Semiconductor 
properties of the sample begin to dominate just after some period of time. This is not a 
common behavior of a semiconductor material, so it is necessary to analyze changes in 
the carrier concentration and their mobility with time [50], [51].  
The hole mobility in the CdTe single crystals was measured by the Institute of 
Physics, Charles University in Prague [23]. From the experiment the hole mobility μ can 
be fitted well by  
].1)/252[exp(57 −= Tμ  (5.6)
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This result is well conformed with [3]. So now it is possible to calculate the hole 
mobility for the whole the time of the measurements shown in Fig. 5.12. It depends on 
the temperature only and changes simultaneously with temperature changes. The hole 
mobility also is 
,
ep
σμ =  (5.7)
where σ is the electric conductivity, given by: 
RS
l=σ
 
(5.8)
The CdTe dimensions l = 11 mm and S = 8 mm2. From these formulas we can 
calculate the hole concentration: 
RSe
l
e
p μμ
σ ==
 
(5.9)
The Fermi level for an intrinsic semiconductor lies very close to the middle of the 
band gap. When impurity atoms are included, the Fermi level must adjust itself to 
preserve charge neutrality. To preserve electrical neutrality the total negative charges 
(electrons and ionized acceptors) must equal to the total positive charges (holes and 
ionized donors).  In our case the electron density in the conduction band is negligible 
and doesn’t effect the Fermi level position, so then 
,pN A =−  (5.10)
where p is the hole concentration in the valence band, −AN  is the number of ionized 
acceptors, given by [43] 
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EEg
NN
FA
A
A  (5.11)
where the ground-state degeneracy factor g is 4 for acceptor levels. The value is 4 
because each acceptor impurity level can accept one hole of either spin, the impurity 
level is doubly degenerate as a result of the two degenerate valence bands at k = 0. The 
Fermi level will be determined relatively to the top of the valence band.  
The Fermi level position can be calculated from equation (5.11): 
.
4
ln ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−=
p
pN
kTEE AAF  (5.12)
The Fermi level position, the holes concentration and the holes mobility shown in 
Fig. 5.13 - Fig. 5.16 were calculated for the whole measurements time interval  
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Fig. 5.13. The hole concentration and the Fermi level as a function of time before heating. T = 310 K,   
μ = 71 cm2V-1s-1 
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Fig. 5.14. The hole concentration and the Fermi level as a function of time. T changes from 310 K up to 
393 K, μ decreases from 71 down to 51 cm2V-1s-1 
After an external voltage was applied to the CdTe sample, the resistance started to 
decrease at the first time interval with constant temperature T = 310K (Fig. 5.12). It was 
caused by the hole concentration increasing according to equation (5.9). The hole 
mobility μ = 71 cm2V-1s-1 is constant and therefore the hole concentration is in inverse 
proportion to the resistance. (Fig. 5.13).  
As we increased the temperature from 310 K up to 393 K the resistance increased 
simultaneously. The hole mobility decreased down to μ = 51 cm2V-1s-1. The resistance 
changes due to the hole mobility decreasing. But after the moment when the 
temperature is constant T = 393 K the resistance changes only due to the hole 
concentration increasing at the whole temperature constant interval. At first the Fermi 
level is influenced mainly by the hole mobility changing. Then influence of the hole 
concentration increasing become constitutive and EF  started  to  increase (Fig. 5.14, 
Fig. 5.15).  
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Fig. 5.15. The hole concentration and the Fermi level as a function of time. T=393K, μ=51 cm2V-1s-1 
As we decreased temperature down to 310 K the resistance of the CdTe decreased 
simultaneously. The hole mobility increased up to μ = 71 cm2V-1s-1. The hole 
concentration remained nearly constant according to equation (5.9). At first the Fermi 
level rose with the hole mobility rising, but then the decreasing of the hole 
concentration influenced mainly the Fermi level position (Fig. 5.16).  
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Fig. 5.16. The hole concentration and the Fermi level as a function of time. T changes from 393K down to 
310K, μ increases from 51 up to 71cm2V-1s-1 
After cooling of the sample we observed the slow linear resistance increasing. The 
resistance was increasing approximately during 3 days to the initial value. With constant 
temperature T = 310 K the hole mobility was constant according to equation (5.6). So 
the resistance increasing was a result of slow hole concentration decreasing. The hole 
concentration decreasing causes the Fermi level position decreasing.  
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5.4. Relaxation Time 
5.4.1. Measuring results of the bulk resistance decay 
 
The measurements showed that the resistance of the sample and the bulk 
resistance decreases very slowly after an external electric field was applied. Each 
sample shows very high value of relaxation time (hundreds and thousands of seconds). 
The relaxation time study of the homogeneous part of the sample with different 
temperatures and different values of applied voltage is shown in this part of the chapter. 
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Fig. 5.17. The bulk resistance decay of low ohmic p-type sample F33B8. Uext = 16 V 
The bulk resistance of the samples was studied with different values of applied 
voltage (in the interval of 1 to 16 Volts).  
The bulk resistance decay of low-ohmic p-type sample F33B8 with an applied 
voltage of 16 V is in Fig. 5.17. Temperature T = 300 K was kept during approximately 
9.5 hours. Than the temperature was increased up to 390 K during 100 s and was kept at 
this value during 4.5 hours. After that the sample was cooled back to 300 K.  
As we can see from Fig. 5.17, the bulk resistance of the low ohmic p-type sample 
decreases very slowly. After the temperature started to increase, the bulk resistance of 
the sample increased also. As it was shown above, that was because of the hole mobility 
changes. The hole concentration remained nearly constant with a rapid temperature 
increasing. After the temperature reached its final value T = 300 K the bulk resistance 
started to decrease as a result of the hole concentration increasing.  
As we cooled the sample down to 300 K the resistance decreased much swiftly 
than on the constant temperature time interval. At first the resistance decreased 
simultaneously with the temperature decreasing, but then it started to increase and was 
slowly increasing during a constant temperature interval.  
The measuring result of the same sample with an applied voltage of 1V is  in   
Fig. 5.12. Measuring results with other values of an applied voltage have the same 
character. In each experiment we observed the bulk resistance increasing when the 
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temperature starts to increase and decrease of the bulk resistance during cooling of the 
sample. 
The bulk resistance of the low-ohmic n-type sample changes very slowly with 
time also (Fig. 5.18). The bulk resistance decay of the semiinsulating n-type sample has 
the similar characteristic. But the main difference in the bulk resistance decay between 
n-type and p-type samples is that the bulk resistance of an n-type sample decreases with 
temperature increasing and increases with temperature decreasing.  
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Fig. 5.18. The bulk resistance decay of low ohmic n-type sample F35C3. Uext = 16 V. 
The semiinsulating n-type sample has the same character of the bulk resistance 
dependence as the low-ohmic n-type sample. Its bulk resistance decreases with the 
temperature increasing and increases simultaneously with the temperature decreasing. 
5.4.2. Investigation of relaxation time 
The analysis of long time bulk resistance of p-type sample F33B8 with an external 
voltage Uext = 1 V (Fig. 5.12) is presented in this chapter.  
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Fig. 5.19. The bulk resistance of p-type sample 
F33B8 with temperature T=310K. 
Fig. 5.20. The bulk resistance of p-type sample 
F33B8 with temperature T=390K. 
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The bulk resistance decay of low-ohmic p-type F33B8 with temperature T =310 K 
is in Fig. 5.19. The temperature was kept at this value during approximately 2 hours. 
Than the temperature was increased up to 390 K during 300 s and was kept at this value 
during 3 hours. After that the sample was cooled back to 310 K. 
As we can see from Fig. 5.19, the bulk resistance of the low ohmic p-type sample 
decreases very slowly when all other parameters remain constant. After the temperature 
starts to increase, the bulk resistance of the sample increases also (Fig. 5.21). That is 
because of the hole mobility changes. The process of the hole concentration changing is 
very slow and its value remains nearly constant with rapid temperature increasing. After 
the temperature reaches its final value T=310 K the bulk resistance starts to decrease as 
a result of the hole concentration increasing [52], [53].  
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Fig. 5.21. The bulk resistance of p-type sample F33B8 with temperature increasing from T=310 K to  
T = 390 K. 
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Fig. 5.22. The bulk resistance of p-type sample F33B8 with temperature decreasing from T = 390 K to 
T = 310 K. 
As we cooled the sample down to 310 K the bulk resistance changed due to the 
hole mobility increasing (Fig. 5.22). At first the resistance decreased simultaneously 
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with temperature decreasing, but then it became to increase and was slowly increasing 
during a constant temperature interval.  
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Fig. 5.23. The bulk resistance of n-type sample 
F35C3 with temperature T = 300 K. 
Fig. 5.24. The bulk resistance of n-type sample 
F35C3 with temperature T = 390 K. 
 The bulk resistance of the low-ohmic n-type sample changes also very slowly 
with time (Fig. 5.23, Fig. 5.24). The bulk resistance decay of the semiinsulating n-type 
sample has similar characteristic. The main difference between n-type samples and p-
type samples is that the bulk resistance of n-type samples changes mainly due to the 
electron concentration with the temperature changing. The mobility of electrons in 
CdTe differs a lot in dependence of crystal  purity  and  other  parameters  and  mostly  
it  has a  value  of  1000 cm2V-1s-1. The electron mobility changing in temperature 
interval of 300 – 390 K is not significant. So the main process with temperature 
changing in n-types crystals is the electron concentration changing.    
The bulk resistance of the low ohmic n-type sample with increasing temperature is 
in Fig. 5.25 
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Fig. 5.25. The bulk resistance of n-type sample F35C3 with temperature increasing from T = 300 K to 
T = 390 K. 
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Fig. 5.26. The bulk resistance of n-type sample F35C3 with temperature decreasing from T = 390 K to 
T = 300 K. 
 The bulk resistance of the samples decreased very slowly after the external 
electrical field was applied to the sample. The carrier mobility changes with the 
temperature increasing or decreasing. So the most interesting results to analyze the 
resistance curves relaxation time are the areas of the constant temperature. At this 
condition the bulk resistance of the samples changes due to the carrier concentration 
changing only. This gives us information about deep defect levels present in crystal, 
which take part in the relaxation process. 
The bulk resistance decay curve can be fitted with a sum of several exponents: 
.)/exp(
1
∑
=
+−=
n
i
iibulk ctaR τ  (5.13)
The bulk resistance of the samples with temperature  T = 300 K is in Fig. 5.27, 
Fig. 5.29 and Fig. 5.31. The bulk resistance of samples F33B8 and 452B can be fitted 
with a sum of two exponents (Fig. 5.27, Fig. 5.31). The resistance decay of F33B8 is 
very slow with time constants τ1 = 4400 s and τ2 = 19500 s. The resistance decay of the 
semiinsulating sample is much faster with time constants τ1 = 13 s and τ2 = 112 s.  
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Fig. 5.27. The CdTe bulk resistance decay. 
Sample F33B8. Temperature T = 300 K. 
Fig. 5.28. The CdTe bulk resistance decay. 
Sample F33B8. Temperature T = 390 K. 
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Fig. 5.29. The CdTe bulk resistance decay. 
Sample F35C3. Temperature T = 300 K. 
Fig. 5.30. The CdTe bulk resistance decay. 
Sample F35C3. Temperature T = 390 K. 
The resistance decay of sample F35C3 can be fitted with a sum of four exponents 
with time constants τ1 = 187 s, τ2 = 1321 s, τ3 = 1160 s and τ4 = 192000 s (Fig. 5.29). 
After the temperature was increased up to T = 390 K, the bulk resistance decay can be 
expressed as a sum of four exponents with time constants shown in Tab. 5.1. 
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Fig. 5.31. The CdTe bulk resistance decay. 
Sample 452B. Temperature T = 300 K. 
Fig. 5.32. The CdTe bulk resistance decay. 
Sample 452B. Temperature T = 390 K. 
Defect levels have a great impact on semiconductors transport characteristics 
properties. To increase semiconductor conductivity the electrons should transfer the gap 
level or they should transfer from a defect level to the conductivity level. There are four 
dominant impurity levels in CdTe gap at least and they can behave as traps. So electrons 
can be captured by these traps during their transitions from the valence band of from the 
defect level to the conductivity level. And, as we can see from Tab. 5.1, the time of the 
electron is being captured is very high in CdTe, from tens to thousands of seconds on 
different trap levels. 
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Tab. 5.1. Relaxation time constants for samples F33B8,  F35C3 and 452B 
Relaxation time constants 
Sample Temperature, [K]
τ1 [s] τ2 [s] τ3 [s] τ4 [s] 
300 4378 19450 - - F33B8      
p-type 390 59 286 911 3330 
300 187 1321 11590 191700 F35C3      
n-type 390 160 756 5594 - 
300 13 112.2 - - 452B       
n-type 390 150.5 5670 39780 42090 
5.4.3. Capture cross section 
The existence of four time constants can be explained by presence of four 
dominant defect levels at least. Two of these levels are not apparent at room 
temperature for low ohmic p-type sample F33B8 and semiinsulating n-type sample 
452B. But experimental high values of relaxation time constants are not in accordance 
with theoretical values.  
According to Schockley and Read the balance equation for densities of free 
electrons and holes is 
,
d
d
nn RGt
n −=           ,
d
d
pp RGt
p −=  (5.14)
where Rn and Rp are the recombination rates of electrons and holes per unit volume 
respectively; Gn and Gp are the corresponding rates of thermal generation. The 
recombination rate is controlled by the capture of electrons at empty traps and that of 
holes at filled ones [56]. Introducing the degree of the traps filling f and the total 
concentration of traps Nt, we can write: 
,)1( nNfcR tnn −=           .pfNcR tpp =  (5.15)
And express thermal generation in the following form: 
,1nfNcG tnn =           ,)1( 1pNfcG tpp −=  (5.16)
where cn and cp are the electron-capture rates at empty traps and the hole-capture rates 
at filled traps respectively; n1 and p1 are the electrons concentration and the holes 
concentration at the traps Nt respectively. The concentrations can be determined by next 
expressions: 
),exp(1 kT
ENn tC −=           ).exp(1 kT
E
Np tV −=  (5.17)
The capture rate can be introduced to characterize the capture by an individual 
center. It is this quantity that describes the microscopic characteristics of recombination 
properties of various impurity centers. The concept of an effective capture cross section 
δ is also often used. There is a relationship between this and the capture rate: 
,Tvc δ=            (5.18)
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where vT is the thermal velocity of free carriers, defined by 
,*m
kTvT =            (5.19)
The thermal velocity of holes vTh = 7.23·106 cm/s and the thermal velocity of 
electrons  vTe = 2.25·107 cm/s  in CdTe single crystals with temperature T = 300 K. 
The balance equation can be written in the form 
,)1(
d
d
1 nNfcnfNct
n
tntn −−=          .)1(d
d
1 pfNcpNfct
p
tptp −−=  (5.20)
The recombination rate R is proportional to the free carrier concentration 
,τ
nRn =           .τ
pRp =  (5.21)
The quantity τ has the dimension of time and it is called the lifetime of 
nonequilibrium carriers or relaxation time. From (5.15), (5.18) and (5.21) the relaxation 
time is 
   ,)1(1 tT
n
Nfv −= δτ           .
1
tT
p
fNvδτ =  (5.22)
 To estimate the required capture cross section for relaxation time τ  ≈ 200 s of  
n-type sample F35C3 with temperature T = 300 K we can use equation (5.22). The 
impurity concentration Nt = 1·1016 cm-3. According to (5.22) the effective capture cross 
section order is δn = 10-25 – 10-27 cm2 and δp = 10-26 10-28 cm2 (p-type sample F33B8). 
These values don’t have physical interpretation, so we can say that the Shockley-Read 
theory for one defect level can not be used for the carrier transition description in CdTe 
in this case.  
On the other hand cross section for CdTe has value δn = 10-13 – 10-16 cm2. In this 
case the relaxation time value must be τ ≈ 10-7 – 10-10 s.  
5.4.4. Mobility 
The changing of the hole mobility in p-type sample is the dominant process which 
causes the bulk resistance changing during the temperature increasing or decreasing. 
Another process which takes place during the temperature changing is the hole 
concentration changing. But this process became dominant just after some time delay, 
approximately 200 s.  
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Fig. 5.33. The conductivity of the p-type sample 
The conductivity of the p-type sample with temperature increasing is in Fig. 5.33. 
It decreases at first due to the hole mobility decreasing and then it increases due to the 
hole concentration increasing. If we assume that the hole concentration remains 
constant, then the dependence of the mobility on the temperature is in Fig. 5.34.  
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 Fig. 5.34. The hole mobility vs temperature with the assumption p=const. U=1V.Temperature increasing. 
But the hole concentration changes also with temperature increasing. And as we 
can see from the figures above, it changes with a sum of several exponents with 
different time constants. We can calculate the hole mobility with the assumption that the 
hole concentration changes also. The normalized hole mobility is in Fig. 5.34– Fig. 5.36 
for applied voltage 1 V, 5 V and 20 V.  
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Fig. 5.35. The normalized hole mobility. 
U = 1 V. Temperature increasing. 
Fig. 5.36. The normalized hole mobility. 
U = 5 V. Temperature increasing. 
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Fig. 5.37. The normalized hole mobility. 
U = 20 V. Temperature increasing. 
Fig. 5.38. The hole mobility with the 
assumption p = const. U = 1 V. 
Temperature decreasing. 
The values of the relaxation time constants decrease with the temperature 
increasing, as we can see from Tab. 5.2. The higher temperature the lower relaxation 
time constant.  
Tab. 5.2. Relaxation time constants for p-type sample F33B8 with temperature increasing 
Voltage /V τ1 /s τ2 /s τ3 /s 
1 480 200 130 
5 570 180 130 
20 800 150 100 
We now consider the part of the graphs with the temperature decreasing. The hole 
mobility calculated with (5.7) with the assumption that the hole concentration is 
constant fits well the theoretical curve and doesn’t need normalization for all the applied 
voltages. In this case the hole concentration changing is very slow process and doesn’t 
influence the bulk resistance changing. 
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5.5. Material Ageing 
Material ageing is commonly understood as changes of material properties with 
time. In particular, materials are ageing due to many different causes; e.g. thermal 
treatment, thermal ageing, stress ageing, corrosion, irradiation embitterment, and others. 
This chapter shows that ageing of CdTe crystals can become apparent as a result of long 
time periodical effect of temperature changes from room temperature to 390K. As it was 
shown above the transport characteristics and VA characteristics of the samples were 
studied with different temperatures[54], [55].  
The most studied sample of CdTe single crystal is low-ohmic p-type F33B8. Its 
resistance with different temperatures was periodically measured during 2 years. The 
sample periodically was exposed to rapid temperature drops between 300 K and 390 K. 
Sometimes high temperature T = 390 K was kept for several days.  
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Fig. 5.39. The comparative potential distribution of sample F33B8. May 2006 and November 2007. 
As it was said the studied cadmium telluride single crystals have two metal-
semiconductor junctions. Therefore when an external electric field is applied one of the 
junctions operates in forward bias, another one operates in reverse bias (Fig. 4.11). 
Voltage drop must be significant in the reverse bias junction and insignificant in 
forward bias junction. That can be clearly seen in Fig. 5.39, in the CdTe potential 
distribution diagram measured in May 2006 (blue line). 
Applied voltage is 5.84 V. The voltage drop in this case is 5.54 V in reverse bias 
and 0.23 V in forward bias. The difference in voltage drop of two metal-semiconductor 
junctions is very significant. 
But in 1,5 year of periodical measurements the sample properties significantly 
changed. As a result the sample aged and voltage drop in forward bias junction was 
significant (Fig. 5.39, red line related to the measurement in November 2007).  Forward 
bias junction and reverse bias junction have almost the similar properties. 
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Fig. 5.40. VA characteristics of p-type sample 
F33B8. May 2006 
Fig. 5.41. VA characteristics of p-type sample 
F33B8. November 2007 
VA characteristics of the sample measured in May 2006 are in Fig. 5.40. There is 
clear dependence of the resistance on temperature. But we can’t see clear dependence of 
the resistance on temperature in 1,5 years. 
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Fig. 5.42. VA characteristics of p-type sample 
F33B8. November 2007.T = 350 K  
Fig. 5.43. VA characteristics of p-type sample 
F33B8. November 2007.T = 390 K 
The resistance doesn’t change significantly with temperature changing and VA 
characteristics are very unstable (Fig. 5.41). The CdTe sample changed its properties 
because of aging. Other samples weren’t measured with high temperatures and they 
didn’t change their properties with time. The main ageing factor of CdTe radiation 
detectors is high temperature. 
As we can see from Fig. 5.42and Fig. 5.43, VA characteristics for particular 
temperature are not stable. They can change with time.  
CdTe single crystal can change its characteristics and properties as a result of 
ageing. I suppose that ageing can be caused by periodical temperature changes from 
room temperature to 390 K as it was repeated during our previous transport 
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characteristics measurements. VA characteristics of aged CdTe crystal are not stable 
and they changes with time.  
5.6. Summary 
The changing of charge carrier concentration is a very slow process in CdTe 
crystals and as a result we observe very high values of relaxation time. Each bulk 
resistance decay curve can be fitted with a sum of two or four exponents with different 
time constants. The four rapid and slow components of the curves correspond to the 
presence of four types of defect levels at least. These levels take part in the relaxation 
process. After the measurements have started, one of the impurity levels dominates with 
time constant τ ≈ 13s for semiinsulating n-type sample and τ ≈ 4500 s for the p-type 
sample. Then the other impurity levels dominate with the time constant of higher values 
up to several thousands seconds. The values of the relaxation times depend on the 
temperature, the higher the temperature the lower the relaxation time.  
After the external voltage is switched off, the electrons from the conductivity 
level transfer to the valence band through the traps. This process lasts for several days 
until the sample completely restores its initial properties. The process of the bulk 
resistance changing is reversible and the resistance of the homogenous part of the 
sample reaches its initial value in several days.  
One of the defect deep levels in CdTe single crystal at Ed=Ev+0.735 eV is 
associated with the doubly ionized acceptor level of Cd vacancies. Another one is at 
Ed=Ev+0.743 eV, which is associated with a complexed Te antisite [57]. The deep 
defect level with the highest value of relaxation time is associated with diffusion ions of 
gold of golden contacts through the sample. This diffusion is a quite slow process, and 
as a result there exists the forth relaxation time constant with a value of several 
thousands seconds.  
The process of the hole concentration changing is very slow in p-type samples and 
its value remains nearly constant with rapid temperature increasing. So the main process 
with the temperature changing is the hole mobility changing. Its value varies between μ 
= 71 cm2V-1s-1 at 390 K and μ = 51 cm2V-1s-1 at 330 K. This change is significant and it 
determines the sample resistance during temperature changes.  
The main difference between n-type samples and p-type samples is that the bulk 
resistance of n-type samples changes mainly due to the electron concentration with the 
temperature changing. The electron mobility changing in temperature interval of 300 – 
390 K is not significant. So the main process with temperature changing in n-types 
crystals is the electron concentration changing.    
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6. Noise 
The noise spectroscopy in time and frequency domain is one of the promising 
methods to provide a non-destructive characterization of semiconductor materials and 
devices. As a main diagnostic tool it is proposed to use low frequency current or voltage 
noise spectral density and their statistical distribution [5]. 
The main sources of noise in semiconductor devices are: 1/f noise, generation 
recombination noise with its component - RTS noise, shot and thermal noise. The 1/f 
noise is dominant in low frequency range. 
It is known that most of failure results from the latent defects created during the 
manufacture processes or during the operating life of the devices. The sensitivity of 
excess electrical noise to this kind of defects is the main reason of investigation and use 
of noise as a diagnostic and prediction tool in reliability physics for the semiconductor 
devices lifetime assessments. The noise spectral density depends on stress and damage 
and varies among nominally identical devices. This component is called excess noise 
spectral density and therefore it is not of fundamental origin. 
The sensitivity of the noise characteristics to the structure defects and other 
irregularities is typical feature of these methods. It is due to microphysical origin of 
fluctuation cased by quantum transitions and scattering of charge carriers. Noise 
depends on: i) degree of perfection of the crystal structure, number of grain boundaries, 
point defects, linear defects, ii) surface parameters and iii) homogeneity and 
manufacturing quality of the device active region. It was observed that chemical 
condition of the surface could affect the magnitude of the noise spectral density.  
A possibility of the use of noise measurements in analysis, diagnostics and 
prediction of reliability of electronic devices was studied by many researchers. It is 
supposed that defects are the actual sources of the excess current and the excess noise. 
The actual reliability of electronic devices is usually less than the maximum 
theoretical value of reliability depending on the attained manufacture level. It may be 
due to irregularities in the manufacturing process. 
6.1. Noise Measurements 
6.1.1. Measuring set-up 
The schematic diagram of measuring set-up intended for noise measurements is 
given in Fig. 6.1. The sample is fed from dry cells, which have low internal noise, 
negligible concerning to the background noise of the selective nanovoltmeter. The 
sample current is measured by DC nanovoltmeter on the load resistor RL. The capacitor 
Cf is short circuit for an alternating signal, so noise voltage on the resistor is also the 
sample voltage for alternating signals. The battery, the sample, the capacitor, the load 
resistance and the preamplifier are placed in a steel box, which serves to eliminate the 
electromagnetic field [58]. 
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Fig. 6.1.  Block diagram of the experimental set – up 
Commonly, the amplified noise is then passed through a real time spectrum 
analyzer, which consists of a set of band-pass filter with the inputs in parallel and a 
constant relative bandwidth between 0.1 and 1 in order to reduce measuring time. 
Nowadays a digital Fast Fourier Transform (FFT) analyzer is used more often. The 
sample frequency fs is often in the range from 1 Hz to 1 MHz. The  investigations  with 
fs <1Hz become time consuming and often uncomfortable due to long observation time 
we need to spend. It is necessary to consider certain circumstances during measurement 
to obtain correct interpretation of the measured data [59], [60]. The main conditions are: 
• stable sample  
• constant temperature  
• stable current supply over a long period of time 
• magnetic and electric shielding (especially towards the parasitic signal of 
50Hz) 
6.1.2. Low noise amplifier AM 22 
Due to a low level of noise signal, the most important part of the noise set-up is 
low noise amplifier [61]. Unique properties of the amplifier are required, the emphasis 
is laid especially on amplification (typically 100 dB and more) and also on intrinsic 
noise of the amplifier (approximtely 10-18 V2s). In our case, low noise amplifier AM22 
was used. It was designed in CNRL (Czech Noise Research Laboratory) and 
manufactured by co-operating company 3S Sedlak.  
Amplifier AM22 has an adjustable gain in the range from 20 to 80 dB by 20 dB 
step, a frequency band filter with lower frequency 3 mHz, 30 mHz and 0.3 Hz and 
either AC or DC coupling, a high frequency filter adjustable in the range from 30 Hz up 
to 300 kHz, and an output amplifier with selectable amplify factor 1, 10 or 100, which is 
included to match the A/D converter dynamic range. 
The amplifier consists of an analog part, a digital part and an accumulator supply. 
The analogue part accomplishes amplifying and filtering of input signal, the digital part 
allows control of the analog part operation, communication through RS232 or GPIB bus 
and indication of working parameters on the display. The digital part also monitors the 
accumulator power supply status and alerts voltage drops, or the shut down of the 
system.  
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Fig. 6.2.  The block diagram of low noise amplifier with high-pass and low-pass filters  
AmplifierAM22 consists of input preamplifier and output amplifier, these are set 
apart by the block of high-pass and low-pass filters with adjustable cut-off frequencies. 
The block diagram of low noise amplifier is given in Fig. 6.2. 
6.1.3. Possibility of the input noise minimizing 
It is typical that preamplifiers with high input impedance have low current noise 
and high voltage noise. On the other hand, the preamplifiers with low input impedance 
have low voltage noise and high current noise. Therefore, it is difficult to design a 
universal preamplifier for various values of sample resistance and it is necessary to use 
special low or high input impedance preamplifiers [62], [63].  
Minimizing of the preamplifier noise is a complicated problem dependent on 
more factors. For better understanding, in Fig. 6.3, noise model of preamplifier is given.  
Ui Ien
UenRi
RIN Une
 
Fig. 6.3.  Simple noise model of input part of the amplifier 
According to [64], the model of equivalent input noise voltage Une contains three 
noise sources in the amplifier input: 
          ( )22 )(4 enenne RIUkTRBU ++=  (6.1)
At first, it is the thermal noise of all resistors R including the output resistor of the 
sample (parallel connection of Ri and RIN) [65]. The second noise source is equivalent 
voltage noise Uen as the noise of the shorted amplifier input. The third noise source is 
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the equivalent current source Ien. It is important that the equivalent noise is increasing 
linearly with resistor value while thermal noise is increasing in the root of resistance.  
A special problem is the increase in the spectral density for low frequency noise 
as a function 1/f with the corner frequency about 100 Hz. It is the property of amplifier 
and its effect expresses oneself in voltage noise Uen current source Ien. Therefore, only 
the current 1/f noise source can be minimized by lowering of R value. It can be 
suppressed by a suitable high-pass filter.  
Values of voltage and current noise sources for low noise amplifier AM22 are 
extremely low, the voltage noise Uen < 2nV/Hz0.5. For those unique properties, AM22 is 
used universally for sample measurement with the resistivity ranging from 100 Ω to 1 
MΩ. Substantial increase in the total noise up to the thermal noise is suppressed.  
6.1.4. Frequency filters 
The analog part includes two amplifier sections, input and output, selectable low 
pass filters (with adjustable cut-off frequency) and three or two sections of high pass 
filters (adjustable cut-off frequency). One of the high pass filters is inserted on the 
amplifier input, this one can be bypassed to reach optimal noise parameters on the low 
frequencies.  
The  selectable  high  pass  filters  can  be adjusted in the range from 0.3 Hz to 
300 kHz in decade series. Their steepness is either 12 or 18 dB/oct depending on the 
input coupling (insertion of the high pass filter on the amplifier input). The selectable 
low pass filters covers the cut-off frequency range of 3 Hz to 300 kHz in decade series. 
They are designed as 5th order filters (30 dB/oct) to avoid aliasing during signal 
digitization. The 30 Hz filter is enhanced by the signal rejection  on  the  50  Hz  and 
100 Hz frequencies.  
 
Fig. 6.4.  Magnitude responses of the LP filters for six cut-off frequencies. 
Solution LP and HP filters involved choosing the best approximation and order, 
which was a very important task. The discreet value of cut-off frequencies also had to 
be considered. From the concept of wide-band measurement, we decided to use decade 
dividing of the 1 Hz to 1 MHz band to six sub-bands. As the decade sampling frequency 
is considered, the cut-off frequency was considered for values in decade series 3 Hz – 
300 kHz. In this way, sufficient attenuation is obtained for rejecting the aliasing effect. 
The special problem is the choice of approximation function for the 30 Hz cut-off 
frequency. The parasitic signal on frequency 50 Hz and 100 Hz was the reason for a 
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non-standard approximation with transfer zeros for the above mentioned frequencies. 
Filters are digitally switched; the result magnitude responses are given in Fig. 6.4.  
6.1.5. A/D converter 
This part of the measuring set-up consists of high performance, high speed, multi-
function data acquisition card with a programmable gain and adjustable sampling 
frequency compatible with PC.  Card  resolution  is  12  bits  and  conversion rate up to 
1 MHz. The Analog input signal ranges from ± 0.5 V to ± 10 V with the over-voltage up 
to ± 20V. 
Another possibility is the use of digital sampling oscilloscope whose sampling 
frequency must be at least 1 MHz. To assure the automatic function the oscilloscope 
must communicate using the GPIB interface. The second condition to be fulfilled for 
correct noise spectral density evaluation is at least 4096 samples of the analyzed signal. 
6.1.6. Testing of measuring set-up 
In electronics and communication, the signal-to-noise ratio is a measure of signal 
strength relative to background noise. For further separation of measured PSD of DUT 
(Device Under Test) from the background noise of the apparatus, proper measurement 
using LF amplifiers and preamplifiers is necessary.  
I have measured the testing characteristics of our set-up. First, the characteristics 
of noise background our measuring set-up with amplifiers system (PA15+AM22) in 
frequency ranges 0.1 Hz to 30 kHz were measured. The result is shown in Fig. 6.5. The 
measurement was carried out for short and open input.  
 
Fig. 6.5.  Background noise of measuring set-up for the short and open input.  
Some examples of noise response (voltage spectral density) using the preamplifier 
PA15 and amplifier AM22 are given in Fig. 6.6, Fig. 6.7. The noise response of the 
preamplifier PA15 with different input resistance (short, 1 kΩ, 10 kΩ 100 kΩ and 
1 MΩ) shows little increase in LF noise for higher load resistance, on the contrary, for 
higher load resistance high frequency noise decreases. This response also confirms a 
little higher voltage noise and minimum current noise influence. Noise background 
spectral density for preamplifier PA15 SU=3·10-18 V2s corresponds to noise background 
UN = 2nV/Hz0.5. Fig. 6.7 shows noise response of the unipolar low noise amplifier 
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AM22 for different input resistance (short, 1 kΩ, 10 kΩ).  Slight  increase  in  noise for 
1 kΩ and high increase of noise for 10 kΩ is observed. This effect corresponds to high 
value of current noise.  
10-18
10-17
10-16
10-15
10-14
10-13
101 102 103 104 105 106
0 Ω
1 kΩ
10 kΩ
100 kΩ
1MΩ
f / Hz
S
u 
/ V
2 s
Background noise of PA15  23. 5.2007
 
10-18
10-17
10-16
10-15
101 102 103 104 105 106
SU = 1.8 x10
-17 V2/Hz
SU = 1.6 x10
-16 V2/Hz
SU = 5x10
-18 V2/Hz
1/f
0 Ω
1 kΩ
RL = 10 kΩ
f / Hz
S
u 
/ V
2 s
Fig. 6.6. Noise voltage spectral density of 
preamplifier PA15 for different input resistance 
(short, 1 kΩ, 10 kΩ, 100 kΩ and 1 MΩ) 
Fig. 6.7. Noise voltage spectral density of 
amplifier AM 22 for different input resistance 
(short, 1 kΩ, 10 kΩ) 
The measured values are recorded in WAV format and analyzed in a PC. The 
control software for measuring was assembled by C/C++ language for Windows® 
platform. For test characteristics of our set-up, first, we have measured characteristics of 
noise background for our measuring set-up with amplifiers PA15 and AM22. The 
measurement was provided with short and open input and also with different input 
resistance (e.g. 1 kΩ, 10 kΩ, 100 kΩ and 1 MΩ), for  frequency  range  from 0.1 Hz to 
1 MHz.  
In this section, noise measuring system properties were discussed. Final results 
are the following: background noise of the equipment is the source of a disturbing 
signal in the range from 3·10-14 to 5·10-17 V2s. In the frequency range 1 - 100 Hz, the 
noise of 1/f spectra type has been occurred. For higher frequencies, noise spectrum is 
ideally white. For both devices, PA15 preamplifier and AM22 amplifier measured 
separately, a comparable noise spectrum has been observed. 
6.1.7. Welch’s method 
The most popular method for power spectrum estimation is Welch’s method 
which involves sectioning the record, taking modified periodograms of these sections, 
and averaging these modified periodograms. Finally, the power spectral density will be 
found by summing all the mean values of squares of single realizations weighted 
spectrums or ergodic random process single segments [66]. This method is shown in 
Fig. 6.8. 
We consider the measured signal { } 10 −== Nnnxx  with length meass TfN ⋅= , where 
Tmeas is the measuring time. The signal is separated on K segments of length NDFT for 
1 ,0 −∈ Ki , possibly overlapping by Nover samples. Then  
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We should center the random sequence, consequently to get rid of trend for the 
condition of stationary and ergodicity remains valid after separation of the signal. Trend 
causes nonconnectivity of the segments obtained from the original sequence. Trend is 
analyzed by regress analysis methods. Centering than can be carried out by the 
subtraction of appropriate values obtained from trend model from the sample values in 
the segment.  
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Fig. 6.8. Illustration of Welch’s method for power spectrum estimation. 
Better results can be obtained by the signal frequency filtration with minimum 
amplitude deviation in the bandwidth. Then the single segments are multiplied by 
weighted function { } 10DFT −== Nnnww . We now assume that it has rectangle form and from 
each this segment { } ( )( )iB iAnn wx ⋅  then according to equation (6.2) power spectrum is 
estimated by: 
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Power density estimation deviation within a single segment according to (6.2) for 
long enough NDFT approximately equals to  
 ( )[ ] ( ) .2PP2 K
kSkS xxxx ≅σ              (6.4)
The deviation doesn’t decrease with the realization length increasing. The stability 
of the estimation we can evaluate by the following ratio: 
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By the power spectrum densities averaging 
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the deviation of the estimation decreases  
             ( )[ ]( ) ,0lim A2 =∞→ kS xxN σ  (6.7)
and the stability of the estimation ( )kSxxA  improves. But the frequency resolution Δf 
deteriorates this way. It can be improved by segment NDFT length increasing. In this case 
the deviation error decreases but the deviation estimation increases. The deflection 
becomes apparent as a tailing and the deviation defines statistical stability of the 
estimation or spectral line estimation error. Unless the estimation is not smoothed then 
each frequency line is estimated with the error of 100%. It is necessary to find the 
compromise between frequency resolution and estimation stability during choosing the 
number and length of segments. Welch’s method power spectrum estimation block 
scheme is in Fig. 6.9. 
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Fig. 6.9.  Welch’s method power spectrum estimation block scheme 
The resulting formula for Welch’s method power spectrum estimation which can 
be used for implementation on a computer is:  
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Then we calculate the linear dividend frequency scale by the next ratio: 
             .1... ,1 ,0  , DFT
DFT
s −=⋅=Δ⋅= Nk
N
f
kfkf k  (6.9)
6.2. Noise Measuring Results 
I measured the voltage noise spectral density of CdTe samples. For the 
measurements were used n-type samples F35C3, 452B, 452D, E29G4A and p-type 
sample F33B8.  The measuring set-up is shown in Fig. 6.1.  
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6.2.1. Low-ohmic p-type sample F33B8 
The voltage noise spectral density of sample F33B8 was measured at first in 
March 2006, before periodical transport characteristics measurements with abrupt 
temperature drops between 300 K and 390 K (chapter 5.4). As it was supposed in 
chapter 5.5  these temperature drops and periodical measurements of this sample at high 
temperatures (390 K) led to the sample ageing. At first the noise measurements of 
F33B8 before ageing will be shown. 
Load resistance RLoad = 1 kΩ was used for the measurements. The background 
noise of measurement equipment is in Fig. 6.10 shown by green. Two types of noise can 
be seen from these measurements [67], [68].  
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Fig. 6.10. The noise spectral density of sample 
F33B8 and background noise. Applied voltages 
U = 0.19; 1.25; 13 V.  
Fig. 6.11. The noise spectral density of sample 
F33B8 and background noise. Applied voltage 
U = 0.19 V. 
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Fig. 6.12. The noise spectral density of sample 
F33B8. Applied voltages U =1.25; 13 V.  
Fig. 6.13. The noise spectral density of sample 
F33B8 vs. applied voltage. f = 10 Hz  
Thermal noise dominates throughout the whole frequency range starting at 10 Hz 
for the case there is no applied voltage. The value of thermal noise SU = 1.65·10-17 V2s 
according to equation (2.22) and it can be clearly seen in Fig. 6.11. At low frequencies 
(0.1 ÷ 10 Hz) the dominant noise is 1/f n noise with the parameter n = 1.37.  
Low frequency noise dominates throughout the whole frequency interval when 
there is an applied voltage to the sample. Just in case of U = 0.19 V we can see that at 
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higher frequencies there can be observed thermal noise (Fig. 6.11). The parameter n of 
1/f n  noise is very close to 1  for  all  the  values  of  the  applied  voltage  (Fig. 6.11,  
Fig. 6.12).   
Hooge found that the noise intensity is inversely proportional to the total number 
of the carriers in the sample (N). From this dependence, he concluded that 1/f noise is a 
bulk effect [69]. Quantitatively, Hooge expressed his findings by heuristic formula: 
,
2
Nf
US HU
α=            (6.10)
where SV is the noise spectral density of a fluctuating voltage (V) developed across the 
terminals of a linear resistor when a current is injected into it; αH is Hooge constant, it  
insignificantly depends on temperature and its value αH ≈ 2·10-3.  
Or we can write the Hooge formula for he current noise spectral density: 
       .
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α=     (6.11)
The noise spectral density of sample F33B8 is proportional to the second power of 
current as is shown in Fig. 6.13.  It is exactly as it should be according to equation 
(6.10). 
The recent noise measurements of sample F33B8 are in Fig. 6.14. These 
measurements were carried out in June 2008, more than 2 years after the first noise 
measurements. As we can see the recent values of low frequency noise are 
approximately 3 orders higher than they were before ageing of the sample. So in this 
case 1/f noise also can be used as a material quality indicator. 
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Fig. 6.14. The noise spectral density of sample F33B8. 
Applied voltages U = 1; 2.92; 6.9; 10.22 V. 
Parameter n of 1/f n noise is in the range 1.0 ≤ n ≤ 1.26. 
For the following noise analysis the noise measurements of F33B8 before ageing 
will be used. There are excess defects in the sample after ageing, so the method of noise 
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analysis in this case should be different form the noise analysis of all the other samples, 
which were not aged.  
6.2.2. High-ohmic n-type sample 452D 
The next studied sample was n-type 452D. The voltage noise spectral density vs. 
frequency for DC voltage applied to this sample is in Fig. 6.15.  Applied  voltage  was 
U = 0.18; 1.0 and 10.5 V. The load resistance RLoad = 100 kΩ was used for the 
measurements. So the thermal noise spectral density SU = 1.65·10-15 V2s according to 
equation (2.22) and it can be clearly seen in Fig. 6.15 for the applied voltages U =0.18V 
(starting at 40 Hz) and U = 1.0 V (starting at 300 Hz). 
1/f noise dominates throughout the whole frequency range for the applied voltage 
U = 13V and at low frequencies in case of U = 0.18 V and U = 1.0 V. Parameter n of  
1/f n noise is in the range 1.2 ≤ n ≤ 1.5. 
The 1/f noise spectral density is proportional to the 2.3 power of the applied 
voltage as it is shown in Fig. 6.16. It is close to 2 and we can say that the noise spectral 
density is also proportional to the second power of the applied voltage. 
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Fig. 6.15. The noise spectral density of sample 
452D and background noise. Applied voltages 
U=0.18; 1; 10.5V.  
Fig. 6.16. The noise spectral density of sample 
452D vs. applied voltage. f=10Hz 
The values of the 1/f noise spectral density for high-ohmic CdTe sample 452D is 
very  close  to  the  corresponding  values  of  low-ohmic  sample  F33B8  (Fig. 6.10, 
Fig. 6.15). The applied voltages in both cases are slightly different since it is hard to 
obtain exactly the same values of voltage drop on the low ohmic and the high ohmic 
samples. It is not coincide with equation (6.10), because there are much less free 
carriers in the high-ohmic sample than in the low-ohmic sample and consequently the 
value of 1/f noise in high-ohmic sample 452D must be higher than that of low-ohmic 
sample F33B8. The exceed value of the low frequency noise can be caused by the 
depleted region operated in reverse bias, as it will be stated below. 
6.2.3. High-ohmic n-type sample 452B 
Another high-ohmic studied sample is n-type 452B. Transport characteristics of 
this sample are described in previous chapter.  
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The load resistance RLoad = 10 MΩ was used for the measurements. We can see 
clear dependence of 1/f noise value on the applied voltage. The 1/f noise spectral density 
is proportional to  the  2.5 power  of the  applied  voltage  as  it  is  shown  in Fig. 6.20. 
1/f noise dominates up to 400 Hz (Fig. 6.17 - Fig. 6.19). Then background noise 
dominates and its value decreases with frequency increasing. The applied voltages U = 
2.5; 4.9; 9.2 and 14.4 V. 
 Parameter n of 1/f n noise is in the range 1.2 ≤ n ≤ 1.6. At higher frequencies 
(1000 Hz and higher) we measure the noise of the measuring set-up (Fig. 6.5) because 
the load resistance is very high RLoad = 10 MΩ and it is close to the open input mode of 
the amplifier. 
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Fig. 6.17. The noise spectral density of sample 
452B and background noise. Applied voltages 
U = 4.9; 14.4 V.  
Fig. 6.18. The noise spectral density of sample 
452B. Applied voltage U = 2.5; 4.9 V. 
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Fig. 6.19. The noise spectral density of sample 
452B. Applied voltages U = 9.2; 14.4 V.  
Fig. 6.20. The noise spectral density of sample 
452B vs. applied voltage. f = 10 Hz  
6.2.4. High-ohmic n-type sample E29G4A 
The next measured sample is E29G4A. The source of noise in this sample is given 
by superposition of 1/f and GR noise as is shown in Fig. 6.21 - Fig. 6.23. 1/f noise is the 
dominant noise for all the values of flowing current at low frequencies up to 100 Hz. 
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Parameter n of 1/f n noise is in the range 1.0 ≤ n ≤ 1.27. Then generation-recombination 
noise dominates.  
The 1/f noise spectral density is proportional to the  4 power  of the  applied  
voltage  as  it  is  shown  in Fig. 6.24. To explain our result in Fig. 6.24 we suppose that 
thickness of the region with dominant contribution to noise decreases with increasing 
current and total reciprocal number of carriers is proportional to second power of 
current. Then we have for final current noise spectral density vs. current power of 4. 
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Fig. 6.21. The noise spectral density of 
sample E29G4A and background noise. 
Currents  I = 155; 380; 698 nA  
Fig. 6.22. The noise spectral density of 
sample E29G4A and background noise.  
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Fig. 6.23. The noise spectral density of sample 
E29G4A. Currents I = 380 and 698 nA 
Fig. 6.24. The noise spectral density of sample 
E29G4A vs. current. f = 10 Hz  
6.2.5. Low-ohmic n-type sample F35C3 
The voltage noise spectral density vs. frequency for DC voltages in the  range of 
U = 0.63 ÷ 7.2 V applied to low ohmic n-type sample F35C3 and background noise are 
in Fig. 6.25. The load resistance RLoad = 200 kΩ was used for the measurements. So the 
thermal noise spectral density SU = 3.3·10-15 V2s according to equation (2.22) and it can 
be clearly seen in Fig. 6.25 and Fig. 6.26. 
1/f noise dominates throughout the whole frequency range for all the values of the 
applied voltage. For the applied voltages U = 0.63 V and U = 1.31 V we can see that at 
frequencies up to 30 Hz dominates 1/f n with the parameter n very close to 1. At higher 
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frequencies dominates 1/f n noise with the parameter n close to 1.3 (Fig. 6.26).  For the 
applied voltages U = 2.5 V and U = 7.2 V dominates 1/f n with the parameter n close to 
1. 
The 1/f noise spectral density is proportional to the 1.2 power of the applied 
voltage as it is shown in Fig. 6.16.  
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Fig. 6.25. The noise spectral density of sample 
F35C3 and background noise. Applied voltages 
U = 0.63; 1.31; 2.5; 4.6; 7.2 V.  
Fig. 6.26. The noise spectral density of sample 
F35C3 and background noise Applied voltages 
U = 0.63; 1.31V. 
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Fig. 6.27. The noise spectral density of sample 
F35C3. Applied voltages U = 2.5; 7.2 V. 
Fig. 6.28. The noise spectral density of sample 
F35C3 vs. applied voltage. f =10 Hz  
The dominant noise at low frequencies of all the samples is 1/f noise. Parameter n 
of 1/f n noise in most cases is in the range 0.9 ≤ n ≤ 1.5 and often very close to 1. Some 
samples show G-R noise and thermal noise at higher frequencies. 
6.3. Noise Analysis 
As it was said above each CdTe sample can be shown as a series connection of 
two Schottky diodes (Fig. 4.11) with a resistor between them. So when an external 
electric field is applied, one of these diodes operates in forward bias, another one 
operates in reverse bias. With an applied voltage higher than the value of built-in 
potential Vbi (0.35 V for a p-type and 0.62 V for an n-type CdTe) the voltage drop on 
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the forward bias junction and on the homogeneous part of the sample is much less than 
the voltage drop on the reverse bias (Fig. 5.11). So there exists only one depleted region 
operated in the reverse bias at the metal-semiconductor junction in the sample. To 
simplify my calculation I can assume with a small error that almost all the applied 
voltage is in the depleted region.  
For sample F33B8 we can calculate the depleted region width according to 
equation (4.24). With the values of the semiconductor permittivity ε = 7.2; the diffusion 
potential eVbi = 0.35 eV according to equation (4.8) and acceptor concentration NA = 
5·1015 cm-3 the depleted region width: 
- Ld = 480 nm with an applied voltage U = 1.25 V (we can assume according to 
the measuring results shown in Fig. 5.11 that in this case the voltage drop at 
the metal-semiconductor junction operated in reverse bias will be 
approximately 1.1 V, the rest of the applied voltage will be distributed 
throughout the homogeneous part of the sample)  
- Ld = 1400 nm with an applied voltage U = 13 V (with the assumption that the 
voltage drop at the metal-semiconductor junction operated in reverse bias will 
12 V) 
The contact field potential exists just within the depleted layer. It can be 
calculated according to equation   (4.18). The result is in Fig. 6.29 for the applied 
voltage U = 1.25V and in Fig. 6.31 for the applied voltage U = 13 V.  Now we can find 
the carrier concentration changes law within the depleted region, because we know the 
potential barrier changes law. The hole concentration within the depleted region for the 
applied voltage U = 1.25 V is in Fig. 6.30 and for U = 13 V is in Fig. 6.32. The hole 
concentration distribution within the depleted region was calculated with the 
assumption  that  the  hole  concentration  in  the  homogenous  part   of   the   sample   
p = 7·1014 cm-3 according to the previous calculations (Fig. 5.13). 
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Fig. 6.29. The contact field potential within the 
depleted region of p-type CdTe sample F33B8 
at the metal-semiconductor junction. Applied 
voltage U = 1.25 V. 
Fig. 6.30. The holes concentration distribution 
within the depleted region of p-type CdTe 
sample F33B8 at the metal-semiconductor 
junction. Applied voltage U = 1.25 V. 
We can estimate the theoretical value of the voltage noise spectral density for the 
CdTe sample. 
Radiation Detectors Noise Spectroscopy 
 
       -         - 94
Hooge’s constant αH ≈ 2·10-3 for CdTe. The dimensions of sample CdTe F33B8 
are l = 11 mm  and  the  cross  section  S = 8 mm2.  The  hole  concentration varies 
between p = 6.4·1014 cm-3 and p = 7·1014 cm-3 according to Fig. 5.13.  
 So the sample volume V = 88·10-3 cm3 and the number of free carriers N = p·V = 
5.6·1013 ÷ 6.16·1013. For frequency f = 1 Hz and applied voltage 1.25 V the voltage 
noise spectral density theoretical value SU = 3.9·10-17 ÷ 4.3·10-17 V2s according to (6.10).  
For the applied voltage 13 V at frequency f = 1 Hz the theoretical value of the 
voltage noise spectral density SU = 2.5·10-15 ÷ 2.9·10-15 V2s according to (6.10). 
But we can see from Fig. 6.12 SU=8·10-12 V2s for the applied voltage U = 1.25 V 
and SU = 1·10-9 V2s for U = 13 V at frequency f = 1 Hz, this value is much higher than 
the theoretical value.  
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Fig. 6.31. The contact field potential within the 
depleted region of p-type CdTe sample F33B8 
at the metal-semiconductor junction. Applied 
voltage U = 13 V. 
Fig. 6.32. The holes concentration distribution 
within the depleted region of p-type CdTe 
sample F33B8 at the metal-semiconductor 
junction. Applied voltage U = 13 V. 
I think that these high values of low frequency noise were caused by metal-
semiconductor junctions operated in reverse bias. As we can see from equation (6.10), 
the voltage noise spectral density depends on the quantity of free carriers in the sample. 
Free carriers are distributed uniformly throughout the homogenous part of the sample. 
But within the depleted region there is very low concentration of free carriers which 
increases exponentially in the direction from the contact area to the homogenous part of 
the sample (Fig. 6.30, Fig. 6.32). To prove this assumption it is necessary to compare 
the total quantity of free carriers within the depleted layer with the theoretical value of 
free carriers, which corresponds to the measured value of the noise spectral density. If 
these values are very close to each other that means that the excess low frequency noise 
is caused by the depleted region operated in reverse bias. 
For the experimental value of the voltage noise spectral density SU = 8·10-12 V2s at 
frequency f = 1 Hz and with the applied voltage U = 1.25 V the carrier quantity 
theoretical value accordingly to equation (6.10) should be Ntheor = 3·108 (compare to the 
experimental value Nexp = 9.7·1013 ÷ 1.14·1014).  
For the experimental value of the voltage noise spectral density SU=1·10-9 V2s at 
frequency f = 1 Hz and with the applied voltage U = 13 V the carrier quantity theoretical 
value accordingly to equation (6.10) should be Ntheor = 2.9·108.  
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We can calculate the hole quantity within the depleted region by integration of the 
hole concentration distribution function and the following multiplication of this value 
by the contact area: 
,
0
∫= d
L
pdxSN            (6.12)
where  p is the hole concentration according to equation (4.26), S is the contact area. 
The area of the golden contact S = 6 mm2, it is less than the sample cross section. 
According to equation (6.12) the quantity of holes in the depleted region N = 2.4·108 in 
case of the applied voltage U = 1.25 V. This value is very close to the theoretical value 
of free carriers quantity Ntheor = 3·108 for the low noise spectral density SU = 8·10-12 V2s.  
In case of the applied voltage U = 13 V the quantity of holes within the depleted 
region N = 2.4·108. As we can see from Fig. 6.32 within 76% of the depleted region 
there is just intrinsic carriers concentration ni = 1.04·107 cm-3. Than the hole 
concentration exponentially increases to the n0 = 7·1014 cm-3. The total quantity of free 
carriers within this layer is very close to the theoretical value of free carriers quantity 
Ntheor = 2.9·108 for the low noise spectral density SU = 1·10-9 V2s. All these calculations 
are in Tab. 6.1. So we can say that this high value of 1/f noise is caused by the low 
carrier concentration within the depleted region. 
To prove the assumption that the excess low frequency noise is caused by low 
carrier concentration, I carried out the same calculations for low-ohmic n-type sample 
F35C3 and for semiinsulating sample 452B. 
For sample F35C3 I calculated the depleted region width according to equation 
(4.24). With the value of the diffusion potential eVbi = 0.62 eV according to (4.9) and 
acceptor concentration NA = 1·1016 cm-3 the depleted region width: 
- Ld = 370 nm with an applied voltage U = 1.31 V (we can assume that in this 
case the voltage drop at the metal-semiconductor junction operated in reverse 
bias will be approximately 1.1 V, the rest of the applied voltage will be 
distributed throughout the homogeneous part of the sample)  
- Ld = 725 nm with an applied voltage U = 7.2 V (with the assumption that the 
voltage drop at the metal-semiconductor junction operated in reverse bias will 
6 V) 
The contact field potential calculated according to equation   (4.18) is in Fig. 6.33 
for the applied voltage U = 1.31 V and in Fig. 6.35 for the applied voltage U = 7.2 V.  
The electron concentration within the depleted region for the applied voltage U =1.31 V 
is in Fig. 6.34 and for U = 13 V is in Fig. 6.36. The electron concentration distribution 
within the depleted region was calculated with the assumption that the electron 
concentration in the homogenous part of the sample n = 5·1015 cm-3 according to (5.9). 
For these calculations were used the next data: the bulk resistance of F35C3 Rbulk = 30 ÷ 
40 kΩ at 300 K (Fig. 5.23) and the electron mobility for CdTe was taken μ = 1000 
cm2V-1s-1 according to [23]. 
The dimensions of CdTe sample F35C3 are l = 11 mm and the cross  section  
S=4.6 mm2. So the sample volume V = 50.6·10-3 cm3 and the number of free carriers N = 
p·V = 2.2·1014 ÷ 2.9·1014. For frequency f = 1 Hz and applied voltage 1.31V the voltage 
noise spectral density theoretical value SU=8.3·10-18 ÷ 1.1·10-17 V2s.  
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For the applied voltage 7.2 V at frequency f = 1 Hz the theoretical value of the 
voltage noise spectral density SU = 2.5·10-16 ÷ 3.3·10-16 V2s. 
But we can see from Fig. 6.26 and Fig. 6.27 the voltage noise spectral density 
SU=4.5·10-10 V2s for the applied voltage U = 1.31 V and SU = 4.6·10-9 V2s for U = 7.2 V 
at frequency f = 1 Hz, these values are much higher than the corresponding theoretical 
values.  
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Fig. 6.33. The contact field potential within the 
depleted region of n-type CdTe sample F35C3 
at the metal-semiconductor junction. Applied 
voltage U = 1.31 V. 
Fig. 6.34. The holes concentration distribution 
within the depleted region of n-type CdTe 
sample F35C3 at the metal-semiconductor 
junction. Applied voltage U = 1.31 V. 
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Fig. 6.35. The contact field potential within the 
depleted region of n-type CdTe sample F35C3 
at the metal-semiconductor junction. Applied 
voltage U = 7.2 V. 
Fig. 6.36. The holes concentration distribution 
within the depleted region of n-type CdTe 
sample F35C3 at the metal-semiconductor 
junction. Applied voltage U = 7.2 V. 
For the experimental value of the voltage noise spectral density SU = 4.5·10-10 V2s 
at frequency f = 1 Hz and with the applied voltage U = 1.31 V the total carrier quantity 
theoretical value accordingly to equation (6.10) should be Ntheor = 5.4·106 (compare to 
the experimental value Nexp = 2.2·1014 ÷ 2.9·1014).  
According to equation (6.12) the quantity of electrons in the depleted region 
N=8·108 in case of the applied voltage U = 1.31 V. The quantity of free carries 
Radiation Detectors Noise Spectroscopy 
 
       -         - 97
Ntheor=5.4·106 which causes 1/f noise SU = 4.5·10-10 V2s can be found within 76% of 
depleted region width.  
For the experimental value of the voltage noise spectral density SU = 4.6·10-9 V2s 
at frequency f = 1 Hz and with the applied voltage U = 6 V the carrier quantity 
theoretical value accordingly to equation (6.10) should be Ntheor = 1.6·107 (compare to 
the experimental value Nexp = 2.2·1014 ÷ 2.9·1014).  
According to equation (6.12) the quantity of electrons in the depleted region 
N=8·108 in case of the applied voltage U = 1.31 V. The quantity of free carries 
Ntheor=1.6·107 which causes 1/f noise SU = 4.6·10-9 V2s can be found within 
approximately 90% of depleted region length.  
So in this case the excess 1/f noise is also caused by very low concentration of 
free electrons within the depleted region operated in reverse bias. 
I carried out the same calculations for semiinsulating sample 452B. With eVbi = 
0.62 eV and acceptor concentration NA = 1·1011 cm-3 the depleted region width: 
- Ld = 157 μm with an applied voltage U = 2.5 V (we can assume that in this 
case all the voltage is applied to the metal-semiconductor junction operated in 
reverse bias)  
- Ld = 344 μm with an applied voltage U = 14.4 V  
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Fig. 6.37. The contact field potential within the 
depleted region of semiinsulating n-type CdTe 
sample 452B at the metal-semiconductor 
junction. Applied voltage U = 2.5V. 
Fig. 6.38. The holes concentration distribution 
within the depleted region of semiinsulating n-
type CdTe sample 452B at the metal-
semiconductor junction. Applied voltage U=2.5 V.
The contact field potential calculated according to equation   (4.18) is in Fig. 6.37 
for the applied voltage U = 2.5 V and in Fig. 6.39 for the applied voltage U = 14.4 V.  
The electron concentration within the depleted region for the applied voltage U =1.31 V 
is in Fig. 6.38 and for U = 2.5 V is in Fig. 6.40. The electron concentration distribution 
within the depleted region was calculated with the assumption that the electron 
concentration in the homogenous part of the sample n = 1.5·109 cm-3 according to (5.9). 
For these calculations were used the following value of the bulk resistance Rbulk = 80 ÷ 
160 MΩ at 300 K as we can see form the relaxation time measurements (Fig. 5.31). The 
electron concentration n = 9.3·108 ÷ 1.86·109 cm-3 according to equation (5.9).  
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The dimensions of  sample  CdTe  452B  are l = 12.8 mm and the  cross  section  
S = 5.4 mm2. So the sample volume V = 69·10-3 cm3 and the number of free carriers N = 
p·V = 6.4·107 ÷ 1.28·108. For frequency f = 1 Hz and applied voltage 2.5 V the voltage 
noise spectral density theoretical value SU = 6.7·10-12 ÷ 1.3·10-11 V2s.  
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Fig. 6.39. The contact field potential within the 
depleted region of semiinsulating n-type CdTe 
sample 452B at the metal-semiconductor 
junction. Applied voltage U = 14.4 V. 
Fig. 6.40. The holes concentration distribution 
within the depleted region of semiinsulating n-type 
CdTe sample 452B at the metal-semiconductor 
junction. Applied voltage U=14.4V. 
For the applied voltage U = 14.4 V at frequency f = 1 Hz the theoretical value of 
the voltage noise spectral density SU = 2.2·10-10 ÷ 4.4·10-10 V2s. 
But we can see from Fig. 6.18 and Fig. 6.19 the voltage noise spectral density 
SU=3.5·10-10 V2s for the applied voltage U = 2.5 V and SU = 7·10-7 V2s for U = 14.4 V, 
these values are much higher than the corresponding theoretical values.  
For the experimental value of the voltage noise spectral density SU = 3.5·10-10 V2s 
for the frequency f = 1 Hz and the applied voltage U = 2.5 V the carrier quantity 
theoretical value accordingly to equation (6.10) should be Ntheor = 3.6·107 (compare to 
the experimental value Nexp = 6.4·107 ÷ 1.28·108).  
According to equation (6.12) the quantity of electrons in the depleted region 
N=1·105 in case of the applied voltage U = 2.5 V. The quantity of free carries 
Ntheor=3.6·107 which causes 1/f noise SU = 3.5·10-10 V2s is close to the total quantity of 
the electrons in the sample, but it is still two to four times less than it should be. That 
can be caused by the depleted region also. 
For the experimental value of the voltage noise spectral density SU = 7·10-7 V2s for 
the frequency f = 1 Hz and the applied voltage U = 14.4 V the carrier quantity 
theoretical value accordingly to equation (6.10) should be Ntheor = 5.8·105 (compare to 
the experimental value Nexp = 6.4·107 ÷ 1.28·108).  
According to equation (6.12) the quantity of electrons in the depleted region 
N=1.12·105 in case of the applied voltage U = 14.4 V. The quantity of free carries 
Ntheor=5.8·105 which causes 1/f noise SU = 7·10-7 V2s is close to this value. 
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6.4. Summary 
The analysis of low noise spectral density and the depleted region for three 
different types of CdTe samples showed the similar results for each sample. The results 
of the calculations for all the samples are in Tab. 6.1. The dominant noise at low 
frequencies of all the samples is 1/f noise. Parameter n of 1/fn noise in most cases is in 
the range 0.9 ≤ n ≤ 1.5 and often very close to 1. Some samples show G-R noise and 
thermal noise at higher frequencies. 
The experimental value of 1/f noise is always much higher than the theoretical 
value which corresponds to the total value of free carriers in the sample. The voltage 
noise spectral density of 1/f noise depends on the quantity of free carriers in the sample. 
Free carriers are distributed uniformly throughout the homogenous part of the sample. 
But within the depleted region there is very low concentration of free carriers which 
increases exponentially in the direction from the contact area to the homogenous part of 
the sample. I supposed that the excess values of low frequency noise were caused by 
metal-semiconductor junctions operated in reverse bias. 
To prove this assumption I carried out the calculations to compare the total 
quantity of free carriers within the depleted layer with the theoretical value of free 
carriers, which corresponds to the measured value of the noise spectral density. The 
analysis of low noise spectral density and the depleted region for three different types of 
CdTe samples (low-ohmic p-type sample F33B8, low-ohmic n-type sample F35C3 and 
semiinsulating sample 452B) showed the similar results for each sample. The measured 
1/f noise spectral density of all these samples corresponds to the total quantity of free 
carriers within the depleted region operated in reverse bias. 
These results prove the assumption that the excess value of low frequency noise is 
caused by the low carrier concentration within the depleted region 
The most studied sample of CdTe single crystal is low-ohmic p-type F33B8. The 
voltage noise spectral density of sample F33B8 was measured at first in March 2006, 
before periodical transport characteristics measurements. The sample periodically was 
exposed by rapid temperature drops between 300 K and 390 K. Sometimes high 
temperature T = 390 K was kept for several days. These temperature drops and 
periodical measurements of this sample at high temperatures (390 K) led to the sample 
ageing.  
As a result of the sample ageing its VA characteristics for particular temperature 
are not stable. They can change with time. Moreover there is no clear dependence of the 
resistance on temperature. Other samples weren’t measured with high temperatures 
during so long time period and I didn’t observe any signs of ageing.  
The recent noise measurements of sample F33B8 were carried out in June 2008, 
more than 2 years after the first noise measurements. The recent values of low 
frequency noise are approximately 3 orders higher than they were before ageing of the 
sample. So in this case 1/f noise also can be used as a material quality indicator. 
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7. Conclusion 
The main object of this work is noise spectroscopy of CdTe radiation detectors 
and CdTe samples. Noise analysis is a complex problem. At first I made the model of a 
CdTe radiation detector with two golden contacts. That was very important because all 
the following analysis of transport and noise characteristics of the samples is based on 
this model. According to the model we can imagine a CdTe single crystal with golden 
contacts as a series connection of two Schottky diodes with a resistor between them. 
With an applied external voltage to the sample one of the contacts operates in forward 
bias and another one operates in the reverse bias, so the barriers at each contact are 
different. I calculated the depleted region width and the contact potential based on the 
Poison’s equation. The depleted region width decreases if an external voltage is applied 
in forward bias and increases if an external voltage is applied in reverse bias. It can be 
100 to 1500 nm wide in low-ohmic samples in dependence on the carrier concentration 
and the applied voltage and up to several hundreds μm wide in semiinsulating samples 
because of very low carrier concentration. 
It is very important for low noise analysis to know the carrier concentration 
distribution law within the depleted region. I found it on basis of the contact potential 
changes law and the distance between the conductivity band bottom and the Fermi level 
position. I found the formula for the Fermi level position on basis on sample charge 
neutrality. The measurements showed that the bulk resistance of all the samples 
decreases very slowly after an external electric field is applied. Each sample shows very 
high value of relaxation time (from tens to thousands second). I studied the relaxation 
time of the homogeneous part of the samples with different temperatures and different 
values of applied voltage. 
The calculations I carried out show that the bulk resistance at constant 
temperature and other constant parameters changes due to the carrier concentration 
changing only. So the electrons in n-type samples transfer from the valence band and 
trap levels to the conductivity band not instantly with temperature changing. We have 
the values of the relaxation time in CdTe samples from tens to thousands second. That 
means that the electrons in an n-type sample are trapped during all this time between the 
valence and the conductivity band on the traps and defect levels. These electrons can 
transfer from one trap level to another and this process lasts tens to thousands second. 
The same processes are in p-type samples.  
The measurements showed that at first p-type CdTe sample shows metal 
behaviour with every temperature changes. Its resistance increases with the temperature 
increasing and decreases with the temperature decreasing. Semiconductor properties of 
the sample begin to dominate just after some period of time. This behaviour is caused 
by the hole mobility changing. But n-type samples don’t show the same properties, the 
resistance of an n-type sample decreases with the temperature increasing and increases 
with the temperature decreasing. The main difference between n-type samples and p-
type samples is that the bulk resistance of n-type samples changes mainly due to the 
electron concentration with the temperature changing.  
I measured the voltage noise spectral density of CdTe samples. For the 
measurements were used n-type samples F35C3, 452B, 452D, E29G4A and p-type 
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sample F33B8. The dominant noise at low frequencies of all the samples is 1/f noise. 
Parameter n of 1/fn noise in most cases is in the range 0.9 ≤ n ≤ 1.5 and often very close 
to 1. Some samples show G-R noise and thermal noise at higher frequencies. 
The voltage noise spectral density of 1/f noise depends on the quantity of free 
carriers in the sample. The analysis of low frequency noise I carried out showed that the 
experimental value of 1/f noise is always much higher than the theoretical value which 
corresponds to the total quantity of free carriers in the sample. Free carriers are 
distributed uniformly throughout the homogenous part of the sample. But within the 
depleted region there is very low concentration of free carriers which increases 
exponentially in the direction from the contact area to the homogenous part of the 
sample. I analyzed the measuring results and the calculations confirmed that the excess 
value of low frequency noise is caused by the low carrier concentration within the 
depleted region. 
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List of Symbols and Abbreviations 
α42  Alpha particle 
αΗ  Hooge constant 
α1 Integrator time constant 
A Effective Richardson constant for thermionic emission 
Ad Optical area of the detector 
Am Atomic mass 
β+ Positron  
β− Ejected high energy electron from the nucleus during the radioactive decay 
b0 Proportional term 
c Velocity of light  
cn Electron-capture rate at empty traps 
cp Hole-capture rates at filled traps 
Cf The capacitor 
CdTe Cadmium Telluride 
δ Effective capture cross section 
Δf Bandwidth of the detection electronics 
Δfdet, Detector bandwidth 
D* Detectivity 
ε Semiconductor permittivity 
ε0 Vacuum permittivity 
e− Electrons  
e(n) Control deviation 
EA Acceptor level position 
EC Bottom of the conductivity band  
ED Donor level position 
EF Fermi level  
Eg Bandgap energy 
EV Top of the valence band 
Ed Defect level  
f Frequency 
FFT Fast Fourier Transform 
g Ground-state degeneracy factor 
Gn Rate of electrons thermal generation 
Gp Rate of holes thermal generation 
GR Generation-Recombination  
I Flowing current 
Ien Equivalent current noise 
Js→m Current density from the semiconductor to the metal 
Jm→s Current density from the metal to the semiconductor  
k Boltzmann constant 
Ld Depletion layer width 
LI Local Interference Noise 
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λ Wavelength 
λc Critical wavelength 
μ Mobility  
μA Linear absorption coefficient. 
mdh Density-of-state effective mass of the valence band 
 
μF 
 
Energy difference between the Fermi level and the bottom of the  
conductivity band 
μ'F Energy difference between the Fermi level  and the top of the valence band 
m* Effective mass of carrier 
mn Electron mass 
ν Neutrino  
ν  Antineutrino 
n Electron concentration 
n1 Electron concentration at the traps Nt 
ni Intrinsic electron concentration 
nn0 Electron equilibrium concentration in the semiconductor bulk 
N Avogadro's number 
N Total number of free charge carriers 
NA Acceptor concentration 
−
AN  Number of ionized acceptors 
NC Effective density of states in the conductivity band 
ND Donor concentration 
Ndet Detector contribution 
Nflux Noise contribution from the photon flux 
Nelec Noise contribution from the electronics 
Nntot Total measured noise 
Nt Total concentration of traps 
NV Effective density of states in the valence band 
NEP Noise equivalent power, 
p Hole concentration 
p1 Hole concentration at the traps Nt 
pi Intrinsic hole concentration 
pp0 Hole equilibrium concentration in the semiconductor bulk 
PAZ  Parent atom 
Pav Average power of a voltage signal x(t) 
PSD Power Spectral density 
q Electron (hole) charge value 
ρ(x) Space charge density 
Rbulk Bulk resistance 
RL Load resistor 
Rn Recombination rate of electrons per unit volume 
Rp Recombination rate of holes per unit volume  
σ Electric conductivity 
σa Scattering component due to energy loss via collisions with electrons 
σb Energy loss due to scattering of photons scattered away from the beam 
direction 
SI Noise spectral intensity of current 
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SR Power spectral density of the noise in the resistance R 
SV Noise spectral intensity of voltage  
Sx(f) Power Spectral density 
S/N Signal-to-noise ratio 
SNR Signal-to-noise ratio 
τ Time constant, 
T Temperature 
TeCd Tellurium anti-cite 
TLS Two-Level System Noise   
THM Travelling heater Method 
Uen Equivalent voltage noise 
Un Noise level  
Us Incoming signal strength 
UCF Universal Conductance Fluctuation 
vT Thermal velocity of free carriers 
<ν> Average velocity during free path 
V Sample volume 
Vbi Diffusion potential, or built-in potential  
VC1, VC2 Idealized contact voltages 
VCd Cadmium vacancy 
Vext External voltage 
VT Total voltage applied to the semiconductor 
VGF Vertical Gradient Freeze 
φ(x) Electron potential energy 
φbn Barrier high of a contact between a metal and an n-type semiconductor  
φbp Barrier high of a contact between a metal and a p-type semiconductor 
фM Work function of a metal  
фS Work function of a semiconductor 
χ Electron affinity 
y(n) Input signal of the integrator 
Z Atomic number 
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